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ABSTRACT 
 
Inteins are proteins encoded within a precursor gene that excise themselves after 
translation and ligate the surrounding proteins with a peptide bond. Since their discovery 
two decades ago, many inteins have been engineered for various biotechnology 
applications. This dissertation focuses on the use and development of intein-based 
technologies for applications in protein purification and immobilization. The highly 
efficient naturally split DnaE intein from Nostoc punctiforme (Npu DnaE) was 
incorporated into synthetic protein building blocks for the synthesis of protein hydrogels, 
and engineered to catalyze rapid C-terminal cleavage reaction and used in the rapid 
purification of tag-less protein.  
In the first application, we developed protein hydrogels as general scaffolds for 
protein immobilization. Immobilization has been shown to increase protein stability and 
facilitate enzyme recovery-and-recycle tasks. These hydrogels are composed of artificial 
protein building-blocks expressed in bacterial hosts. Hydrogel gelation is catalyzed by 
intein-mediated protein trans-splicing reactions or disulfide bond formation between 
different protein building blocks. The resulting artificial protein hydrogels possess high 
solution stability at a wide range of pHs and temperatures, undergo shear-thinning, and 
are compatible with organic solvents. These self-assembled protein hydrogels can 
protect immobilized enzymes from organic solvent denaturation during biosynthesis, be 
used in enzymatic biofuel cells, and are suitable for the immobilization of multiple 
enzymes. 
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In the second application, we engineered the Npu DnaE intein to catalyze rapid 
thio-induced C-terminal cleavage reaction and subsequently developed a split intein 
mediated technology for recombinant protein purification (SIRP). SIRP enables efficient 
purification of tag-less recombinant protein from E. coli lysate in less than 1 hour – the 
hitherto fastest reported intein technology for protein purification. 
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CHAPTER I                                                                                             
INTRODUCTION  
 
1.1 Background  
Inteins are proteins encoded within a precursor gene that excise themselves after 
translation and ligate the surrounding proteins with a peptide bond in a process called 
protein splicing (Fig. 1.1) (1).  The term “intein” was initially conceived as an 
abbreviation for internal protein by Perler and co-workers who referred the surrounding 
protein sequences as “exteins” (2, 3). Inteins have been discovered in all forms of lives 
including Archaea, Eubacteria, Eukarya and viruses (4, 5). Inteins were first discovered 
when a discrepancy between the gene size encoding the subunit VMA1 of the 
Saccharomyces cerevisiae (Sce VMA1) ATPase and the size of the protein obtained 
after expression was noticed (6). The expected size of the translated gene (118 kDa) was 
found to be much bigger than the size of the expressed protein (67 kDa). The missing 
protein sequence is homologous to the yeast endonuclease protein encoded by the HO 
gene (6).  
After resolving the crystal structure of the Sce VMA1 intein, Duan and co-
workers identified separate domains responsible for the splicing and endonuclease 
activities. The endonuclease domain was sandwiched between the two halves of the 
splicing domains (Fig. 1.2A) (7). Based on the structural information, they hypothesized 
that the endonuclease and splicing domain may function independently. This hypothesis 
was later proven correct by Derbyshire and co-workers who showed that several inteins 
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retained splicing activity even after removal of the endonuclease domain (8). These 
smaller inteins consisting only of the splicing domain are termed mini-inteins, which 
also includes inteins naturally lacking the endonuclease domain (Fig. 1.2B) (9-11).  
 
 
Figure 1.1 Intein-mediated protein splicing. Inteins are genetically encoded between 
the N- and C- extein fragments. After transcription and translation, the intein 
excises itself out and ligates the N- and C-exteins. 
 
N-extein               Intein                   DNA C-extein
Transcription and translation
N-extein                Intein                   C-extein
Precursor protein
Protein splicing
N-extein C-extein Excised intein
+
Ligated protein
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Figure 1.2 Different types of intein domains. (A) A full-length intein contains two 
independent domains: splicing domain (red) and endonuclease domain (purple) (B) 
Mini-inteins contain only the splicing domain and lack the endonuclease domain. 
(C) A split intein is a mini-intein whose N- and C-terminal fragments are expressed 
separately. Regardless of the type, intein splicing reaction results in the ligation of 
the exteins and the excision of the intein.  
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The two halves of a split intein can be expressed separately, and reconstituted via 
non-covalent interactions to restore the intein activity. The first artificially split mini-
intein was constructed by the Paulus group using the RecA intein from Mycobacterium 
tuberculosis (12, 13). Many other artificially split inteins have been engineered by the 
same approach including the Ssp DnaB (14), PI-PfuI (15), Sce VMA (16), and Psp Pol-1 
(17). 
In addition to artificially split mini-inteins, there are a number of naturally split 
inteins. The first discovered naturally split intein is the DnaE intein from the 
cyanobacterium Synechocystis sp. strain PCC6803 (Ssp DnaE) (18). Since then, several 
alleles of this intein have been identified in other cyanobateria with different levels of 
activity, efficiency, and flexibility (19). Recently, Dassa and co-workers identified a new 
group of small naturally split inteins using environmental metagenomic sequence 
analysis tools (20). These inteins have high trans-splicing rates and yields, as well as 
orthogonal activities (21).  
A full-length intein (including the endonuclease domain) typically contains 350 
to 550 amino acids (17), whereas a mini-intein, either continuous or split, usually 
consists of 135-200 amino acids (22). In a split intein, the N- and C-terminal subdomains 
are usually 100-150 and 35-50 amino acids, respectively. Inteins from different 
organisms usually have low sequence homology but share similar tertiary structure, and 
most of the catalytic residues are highly conserved (5, 8, 23-26). The tertiary structure of 
a typical intein resembles a compact horseshoe with 11-14 beta-strands (8, 10, 27, 28). 
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This structure also shares some similarities with the auto-processing signaling proteins 
encoded by the hedgehog gene family (29, 30).  
In Class A inteins, the splicing reaction consists of four nucleophilic 
displacement steps (Fig. 1.3) (31). More than 90% of the inteins discovered thus far 
belong to this class (23, 32). The first step is an acyl rearrangement at the N-terminal of 
the intein where the side chain of residue Cys1 or Ser1 reacts with the last carbonyl 
carbon of the N-extein resulting in a thio-ester bond and a linear intermediate. In the 
second step, the first amino acid of the C-extein (Cys+1, Ser+1, or Thr+1) attacks the 
thio-ester bond at the N-terminal, cleaving the N-terminal intein junction and connecting 
the N-extein to the side chain of the +1 residue of the C-extein, resulting in the formation 
of a branched product with two amine-terminals. This branch product is resolved in the 
third step by the cyclization of the last intein residue Asn, resulting in the cleavage of the 
intein at its C-terminal. The final step involves an S (or O) to N re-arrangement and the 
formation of a native peptide bond connecting the exteins. The coordination of these 
four steps is essential for efficient splicing reaction. The adaptation of inteins in non-
native exteins can lead to low splicing yields and incomplete splicing resulting in N- 
and/or C-terminal cleavage side products (33). Slight variation in the splicing 
mechanism has been reported for some Inteins that differ in some catalytic amino acids 
(30, 34-37).   
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Figure 1.3 Intein splicing mechanism. Red residues correspond to the intein, blue to 
the N-extein and green to the C-extein. 
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The natural function of inteins is not well understood. It’s generally believed that 
the splicing and endonuclease domains evolved independently. Mini-inteins are thought 
to have originated by combining two self-splicing domains (1). Endonucleases then 
invaded the mini-intein genes to provide mobility to these proteins (8). Split-inteins are 
thought to have originated from mini-inteins after genomic rearrangement (38). A 
potential explanation for the origin of full-length inteins was given by Liu in 
evolutionary terms (1). Evolutionary hypothesis was based on the ability of 
endonuclease-containing inteins to catalyze their homing: copying their own sequence 
into a gene containing a homologous endonuclease DNA (4, 39). Because of this 
property, inteins are believed to spread horizontally between different organisms in a 
parasitic nature. However, this hypothesis does not explain the natural relevance of 
intein existence, although recent findings suggest that inteins may post-translationally 
regulate the activity of many polymerases, helicases, and recombinases (40).  
Over the last two decades inteins have become a very significant topic of 
research. Knowledge of intein’s evolution and reaction mechanism are expected to 
elucidate intein’s origin and native function. Moreover, the catalytic properties of inteins 
are being used as new biotechnology tools with significant potential applications in 
biomedicine, bioseperation and synthetic biology (23). By the summer of 2013, more 
than 450 inteins were listed in the intein data base (32), highlighting the rapid growth of 
the field and the importance of intein in various biotechnology applications.  
  
 8 
 
1.2 Intein engineering and applications 
1.2.1 Tag-less protein purification  
Affinity tags has greatly simplified the purification of recombinant proteins from 
crude lysates, and is one of the most widely used techniques today (41). Aside from 
enabling affinity-based proteins purification, protein tags have also been used as linear 
epitopes for Western blots, as well as expression and solubility enhancers (42). 
However, in many cases the protein tags need to be removed after protein purification. 
This step is often done using site-specific endoproteases (43), a process that can be slow 
and costly (44). Chong and co-workers developed the first intein-based protein 
purification method using Sce VMA1 intein (33, 45). This intein contained a substitution 
of the first Cys with an Ala residue, abolishing the first two steps of intein splicing, and 
allowing the asparagine cyclization to proceed generating a C-terminal cleaving intein. 
This intein was further engineered by Wood and co-workers using directed evolution to 
attain some pH and temperature-controlled activity (46). Other engineered inteins with 
temperature, thio-, or pH-dependent N- or C-terminal cleavage activity have been 
engineered and used in affinity-based protein purification (47-50). Many of these 
purification technologies have been commercialized by New England Biolabs under the 
IMPACT acronym (intein mediated purification with affinity chitin-binding tag). In the 
IMPACT systems, an engineered intein is sandwiched between a protein of interest 
(POI) and a chitin-binding-domain (CBD). POI-fusion can be easily separated from cell 
lysate via interaction with a chitin column, and purified POI can be released from the 
column upon intein cleavage. Recently, a number of non-chromatographic purification 
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methods have been developed in which the CBD is replaced with the elastin-like 
polypeptides (ELP) capable of conditionally precipitating from solution (51, 52).  
A significant limitation of the current intein-based purification methods is the 
premature in vivo cleavage of POI during expression, which can lead to > 90% loss of 
the target protein (53). This problem can be conveniently solved using split inteins. In a 
split intein-based protein purification system, the POI is fused to one half of a split intein 
and the purification tag is fused to the other half. These two proteins are expressed in 
separate hosts. During protein purification, lysates containing these two fusion proteins 
are mixed, rendering an active intein able to catalyze the tag-removal reaction. 
Chromatography-based purification systems using the artificially split Ssp DnaB intein 
have recently been reported. However, the current systems either require the use of large 
quantities of a synthetic peptide (54), or have a low cleavage efficiency and reaction 
kinetics (55).  
A more recent split-intein based protein purification system was developed by 
Vila-Perello and co-workers (56). This work takes advantage of the formation of the first 
thio-ester bond at the N-terminal junction. The protein of interest is purified by the 
addition of a thio group, resulting in the purification of a protein containing a thio-ester 
at the C-terminal, which can be used for additional modification.  
We have developed a similar split-intein based protein purification system using 
the highly efficient naturally split Npu DnaE intein. This work is presented in Chapter V 
of this dissertation (57, 58). 
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1.2.2 Protein cyclization 
The synthesis of circular proteins has been an increasingly growing research task, 
since certain cyclic proteins show exceptional levels of stability against chemical, 
thermal and enzymatic degradation, as well as higher substrate specificity (59). The idea 
of using inteins for the formation of cyclic proteins was first conceived by Evans and co-
workers with the use of two engineered inteins fused at each end of the target protein 
(60). However, this system resulted in low efficiency and unwanted protein 
polymerization. The same group later used the naturally split Ssp DnaE intein to 
successfully generate cyclic proteins (61). Similarly, Scott and co-workers used the split 
Ssp DnaE intein to generate libraries of stable circular peptides and small proteins in 
vivo (62). Thereafter, this cyclization methodology has been successfully carried out for 
diverse applications with the use of newly engineered split Inteins (63, 64). 
 
1.2.3 Structural biology 
Understanding the structure-function relationship of a protein has been one the 
main focuses of structural biologists. Protein structure can provide information about the 
protein’s function, dynamic behavior, and inter-molecular interactions, and insights for 
drug design and discovery (65-67). Protein crystallization is one of the most important 
tools in structural biology. However, this technique usually takes a long time, is 
expensive and may not fully address the chemical and dynamic aspects of the protein 
(68). Optical methods have emerged as additional tools for the study of protein structure. 
Nuclear Magnetic Resonance (NMR) spectroscopy has been used to construct high 
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resolution images of proteins with the ability to capture real time interactions, dynamic 
behaviors and protein folding (69). A key component for the image resolution for NMR 
is the choice of probes: optical-chemical labels that can be traced within the target 
structure (70). The most commonly use probes are isotopes and fluorophores integrated 
into proteins at specific locations. NMR structures of proteins up to 25kDa have been 
resolved using heteronuclear NMR techniques (71). However, larger proteins generate 
signals with high levels of degeneracy, making it difficult to use NMR to resolve the 
structure of a protein larger than 25kDa (71).  
Using the artificially split intein from the ribonucleotide reductase of Pyrococcus 
furiosus (PfuI), Yamazaki and co-workers developed a methodology for segmental 
isotope labeling of proteins (72). To do this, a segment of the target protein was 
expressed in the presence of labeled amino acids. This fragment was then ligated to the 
unlabeled protein segment via intein trans-splicing reaction (72). Although this method 
enabled the successful construction of NMR images of larger proteins, the technique 
showed  low yields of the labeled proteins, and required the purification of fusion 
proteins under denaturing conditions (73). In addition, intein ligation introduced non-
native residues into the target protein, which inherently modified the target protein 
sequence (68).  
The subsequent discovery and engineering of naturally split inteins significantly 
improved this technology. Orthogonal inteins have been used to ligate multiple 
fragments, enabling the selective isotope labeling of only the center blocks of full-length 
proteins, which significantly lowers the signal overlaps (74). Also, naturally split-inteins 
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have been used to produce labeled proteins in vivo (74, 75). Recently some inteins have 
been engineered to better tolerate extein residues near the splicing junction, thus 
minimizing the non-native residues in the ligated product (76, 77). 
 
1.2.4 Expressed protein ligation 
 Protein semi-synthesis refers to the process of introducing synthetic chemical 
elements into proteins. The ability to modify proteins with chemical functional groups 
facilitates many applications in biotechnology as well as the study of structure-function 
relationship of proteins (56, 78, 79).  Several methods for protein semi-synthesis have 
been developed. The most widely used technique to chemically modify proteins takes 
advantage of the side chains of Lys and Cys residues. However, this method lacks 
selectivity, thus indiscriminately modifying exposed and unprotected residues (79).  
More sophisticated chemoselective methods have been used to selectively 
modify proteins at specific sites (80, 81). An effective method for chemoselective 
modification is expressed protein ligation (EPL) (82). EPL is a technology first 
introduced by Muir and co-workers (83) in which inteins are used for the generation of 
an N-terminal cysteine or a thio-ester group. These groups can undergo native chemical 
ligation (NCL) resulting in the formation of a native peptide bond (84-86). ELP has been 
used in many applications such as the conjugation of quantum dots to study a protease 
activity (87),  attachment of PEG-like polymers at the C-terminal of proteins for 
pharmacological applications (88), fusion of proteins to cell-penetrating peptides for 
intracellular drug delivery (89), isotope labeling of protein termini for NMR 
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spectroscopy (90), synthesis and study of proteins containing different post-translational 
modifications such as phosphorylation, glycosidation, lipidation, ubiquitination, and 
acetylation (91). The most commonly used ELP procedure involves the ligation of a 
synthetic peptide containing the target modification the N-terminal of a protein (92, 93). 
EPL has also been used for the introduction of non-peptide bonds to the protein’s 
backbone (94, 95). 
 
1.2.5 Additional and specialized applications 
Aside from the applications described previously, inteins have also been used for 
the synthesis of protein micro-arrays. In one example, the target protein is first 
biotinilated via EPL and then surface-immobilized (96). Similar micro-arrays have been 
constructed by directly immobilizing proteins onto solid surfaces using protein trans-
splicing reactions or EPL (97). Intein trans-splicing reactions have enabled the 
conjugation of peptide ligands to adenoviruses to achieve targeted gene delivery (98). 
Other applications include the construction of high-quality de novo protein sequences 
libraries (99, 100).  Split inteins were also used in the construction of a cell-based 
biosensor for the monitoring of caspase enzyme activity in living mammalian cells 
(101). In gene therapy, protein trans-splicing has the potential to overcome the size 
limitations of therapeutic genes in a viral genome. The adeno-associated virus vector is 
an efficient vehicle for therapeutic gene delivery. However, this vector can only carry 
genes up to 4 kbp in size. Li and co-workers divided the gene encoding the dystrophin 
prortein into two halves, each delivered by a separate adenovirus. Upon delivery into the 
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same cell, intein ligates the two halves of the protein to form the mature dystrophin 
therapeutic protein (15).  
 
1.3 Historical perspective, limitations and current research 
The elucidation of the major catalytic steps involved in the splicing reactions and 
the identification of multiple inteins with conserved residues (102, 103) allowed the 
development of intein-based protein purification technology (45, 48). A major challenge 
in intein-based purification technology was the high levels of premature protein cleavage 
in vivo, which led to the engineering of controllable inteins by directed evolution (46), 
and later to the use of artificially-split inteins (54).  
Crystallographic studies identified independent endonuclease and splicing 
domains (7). Subsequent studies of the independent splicing domains led to the 
engineering of artificially-split inteins capable of catalyzing trans-splicing reactions (14, 
104). However, artificially split inteins often have low solubility and require the use of 
denaturation buffer during purification (14, 105).  
It wasn’t long before the discovery of the first naturally split Ssp DnaE intein 
which allowed the purification of intein-fusion proteins under native conditions and 
expanded the use of intein technology (34, 61, 106). The major limitations of Ssp DnaE 
intein are the slow reaction kinetics and dependence of intein reaction on conserved 
extein residues adjacent to the splice junction (34). The earlier studies suggested that the 
Ssp DnaE intein requires approximately three native extein residues at each terminal, 
resulting in a protein containing up to six additional amino acids at the splice junction 
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after trans-splicing (23). New DnaE intein alleles were identified in different 
cyanobacteria species (16) through sequence alignment, including the Npu DnaE intein 
(107). Npu DnaE has a half-life close to one minute, a high trans-splicing yield of ~80% 
and can better tolerate non-native residues at the N-extein junction. However, the trans-
splicing yield and kinetics of the Npu DnaE intein is heavily dependent on the C-
terminal canonical CFN extein residues, resulting in a non-native footprint after ligation. 
Lockless and co-workers engineered Npu DnaE intein to have better trans-splicing 
efficiency with a non-native C-extein sequence (77). Recent studies by Cheriyan and co-
workers used a similar directed evolution approach to engineer the same intein to 
catalyze traceless protein ligation and obtained intein variants with faster reaction 
kinetics against non-native extein sequence than the wild-type intein, suggesting that the 
native extein sequence is not always optimal (108). Collectively, these studies indicate 
that the intein trans-splicing activity can be tailored for specific applications using 
protein engineering approaches. 
Protein trans-splicing reactions can also be used in protein chemical synthesis. 
However, one of the intein fragments has to be synthesized chemically along with the 
desired chemical modification. Due to limitation of solid state peptide synthesize, the 
synthesized fragment needs to be relatively small. Sun and co-workers showed that the 
split site of Ssp DnaB mini-intein is flexible and the N-terminal fragment can be as small 
as 11 amino acids (17). Using this intein, Ludwig and co-workers synthesized 
fluorescently labeled proteins (109). Although effective, the trans-splicing yield was 
low, mainly do the high rate of the C-terminal cleavage side reaction. Similarly, the C-
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terminal fragment of the Npu DnaE intein can be as small as 6 amino acids (110). Most 
recently, Lin and co-workers identified a large number of ‘atypical’ inteins with very 
short N-terminal fragments (111). These short intein fragments are amenable to solid 
state synthesis, making them useful in many intein applications.  
Natural intein-mediated splicing reactions are not regulated by any biological 
process (56). However, some groups have been able to control the onset of intein 
splicing or cleavage. Callahan and co-workers discovered a natural redox-trap that could 
be used to control the onset of intein activity by the addition of reducing agents (40, 
112). Our group found that the activity Npu DnaE is thio-dependent (57). More 
sophisticated redox traps were subsequently developed for diverse applications (113). 
We also found that zinc ions can be used to reversibly regulate the activity of a mutant 
Npu DnaE intein (58). Additional intein-controlled systems include those responsive to 
small molecules, light, temperature or protease activity (63, 82).  
The modification of protein internal (middle) blocks is still a difficult field of 
research, requiring complex sequential ligations. For this purpose, work is being 
developed to identify new inteins with high activity (19) with natural (21) and 
engineered orthogonally (114).  
Inteins have been widely used in many biotechnology applications. The activity 
of intein can be tailored via protein engineering approaches. It is conceivable that new 
and more exciting applications of inteins will be developed in the near future.   
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1.4 Research objectives and organization 
The focus of this research is to develop intein-based tools for applications that 
enable and enhance the use of enzymes in industrial settings. The highly efficient 
naturally split Npu DnaE intein was the starting point for the synthesis of protein-based 
hydrogels for protein immobilization. Similarly, this intein was engineered to mediate 
rapid and efficient tag-less protein purification.  
The following chapters contain detailed descriptions of the specific projects. 
Chapter II contains a brief background and literature review of state-of-the art 
technologies involving the synthesis of polymer and protein based-hydrogels and 
enzyme immobilization. Current advances and challenges are addressed. A brief 
background on additional techniques for the purification of tag-less proteins is also given 
in chapter II. 
 Chapter III describes the design, synthesis, characterization and applications of 
an intein-triggered protein hydrogel. The resulting hydrogel is shown to have 
unprecedented stability, and is the first protein-based hydrogel used as a general enzyme 
immobilization scaffold. The excellent mechanical properties obtained were due to the 
intein mediated trans-splicing reactions that resulted in peptide bond formation. It was 
established that such peptide bonds allowed stable hydrogel formation independent of 
functionality.  
In Chapter IV, we designed a novel, intein-free, system suitable for covalent 
bond formation. We envisioned that the high stability of the intein-mediated protein 
hydrogel was due to covalent bonds connecting trimeric protein cross-linkers. We 
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engineered a protein-ligand pair by site-directed mutagenesis to form disulfide bond with 
each other and used this pair in a protein hydrogel.  
 Chapter V describes the engineering, synthesis and successful application of the 
Npu DnaE intein for rapid and efficient tag-less protein purification. The Appendix 
contains additional characterization and optimization of the engineered Npu DnaE intein 
for tag-less protein purification. Findings shown in the Appendix were a direct 
continuation of the research presented in Chapter V and were carried out mainly by Dr. 
Dongli Guan, in which I collaborated in some experimental and conceptual steps.  
 
1.5 Novelty 
Protein-based hydrogels have been used as artificial scaffolds in tissue 
engineering, drug delivery, and biosensors (115). Many protein hydrogels are triggered 
by self-assembling interactions of different protein building blocks such as coiled-coils 
(116) and elastin-like polypeptides (117), and the gelation is driven by changes in pH, 
temperature, ionic strength or hydrophobicity (118). The coiled-coil artificial protein 
hydrogel have been used for proteins immobilization (119, 120), but the resulting gel 
showed low physical stability. To circumvent the use of reversible self-assembling 
peptides for hydrogel synthesis, we used inteins to generate covalent bonds between 
different cross-linkers. This approach enabled the synthesis of a highly stable hydrogel. 
Incorporation of docking station peptides in the hydrogel building blocks enabled the 
stable immobilization proteins in the hydrogel. 
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In the second study, we engineered the intein to catalyze an inducible C-terminal 
cleavage reaction and used it for tag-less protein purification. Compared to the previous 
technology that used the artificially split Ssp DnaB intein (55, 121), this technology 
enables more rapid and efficient protein purification.  
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CHAPTER II                                                                                                  
LITERATURE REVIEW 
 
2.1 Hydrogels 
Hydrogels are materials composed of polymeric networks dispersed in water 
with a soft and solid appearance (122, 123). In a typical hydrogel, over 90% of the mass 
corresponds to water, making these materials versatile platforms for diverse applications 
(124-126). Hydrogels are widely used in drug delivery (127, 128), tissue engineering 
(129), biosensors (130), enzyme immobilization (119, 131), self-healing materials (132), 
and bio-mimicking materials (133).  
Most existing hydrogels are made of hydrophilic polymer chains capable of 
chemical or physical cross-linking. These polymer networks not only retain water but 
also provide the hydrogel with structural integrity and functionality (123). Polymer 
chemistry methods have been traditionally used for the synthesis of hydrogels with 
specific and uniform bulk properties (123). However, these methods cannot produce 
hydrogels with predetermined spatial architecture. Bulk polymer hydrogels have found 
extensive use in medical applications including implants (134) and contact lenses (133). 
Aside from the specialized applications of polymer hydrogels, hydrogels with superior 
mechanical properties have also been developed (132, 135). 
Physical hydrogels self-assemble from block-copolymers driven by physical 
interactions (136, 137). These materials can undergo physical changes in response to 
external stimuli including changes in pH, temperature, light, solvent, electrical and 
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magnetic fields, and have found an extensive list of applications (123). Some physical 
hydrogels are self-assembling materials composed entirely of genetically engineered 
protein block-copolymers (116, 138). These protein block-copolymers are capable of 
assembling into three-dimensional structures via intramolecular folding (137), self-
assembly of coiled-coil motifs (116, 139, 140), assembly of elastin-like proteins (141-
143) or affinity of multimeric protein interactions (144). These physical systems possess 
interesting properties such as stimuli-responsiveness, reversible hydrogel formation 
(145) and injectability (146). The ability to precisely control the primary sequence of 
protein hydrogel building blocks enables the design of specific three-dimensional 
arrangements, resulting in protein hydrogel with pre-determined three-dimensional 
structure, properties and specific functionalities (147).  
 
2.2 Enzyme immobilization  
Despite the superb properties of enzymes, their widespread use as catalysts has 
been limited by poor long-term stability, high production costs, and difficulties in 
recovery. Immobilization of enzymes on solid support has been shown to improve their 
stability and allow recovery and recycle (148). Enzyme immobilization can be achieved 
through covalent bond formation between the protein surface cysteine or lysine residues 
and the supporting scaffolds (149-159), or by encapsulation of enzymes inside a polymer 
matrix or gel (160-167). Other methods for protein immobilization include inter-enzyme 
cross-linking (168-174), expressed protein ligation (175), Staudinger ligation (176) and 
“click” ligation (177, 178). However, most of these techniques require chemical 
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modifications of protein surface residues, which tend to reduce the enzyme’s activity. In 
addition, none of these techniques is general, and individual optimization is required. 
Protein immobilization in hydrogels has been explored by the Banta group using 
bioactive protein hydrogels (119, 120). The hydrogels are self-assembled from 
multimetic protein block copolyers and are relatively stable. Although efficient, this 
technique is not general and hydrogel formation is driven by changes in temperature or 
pH, limiting the range of conditions in which the hydrogels can be used.  
 
2.3 Tag-less protein purification 
 Following protein purification, many applications require the removal of 
purification tags. This process is usually done via precision proteases such as the tobacco 
etch virus (TEV) protease (43). However, tag-removal by proteases often requires 
extended incubation periods and additional purification step(s) to remove the 
purification tag and the protease (179). Therefore, tag-removal remain costly for large 
scale protein purification (180), making the development of alternative protease-free tag 
removal technologies highly desirable. 
In the last few years, different self-cleaving proteins have been adapted for the 
removal of purification tags in a number of applications. The self-excising FrpC protein 
from Neisseria meningitides (181) undergoes calcium responsive cleavage at an specific 
cite and has been fused with the CBD domain as self-cleaving tags. After cleavage, the 
target protein contains an additional aspartic acid at the C-terminal cite. This technique 
is effective, with almost 100% cleavage efficiency after 6 hours at room temperature 
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(182). The sortase A transpeptidase (SrtAc) (183) has also been used as a self-cleaving 
protein. The activity of this protein is controllable by calcium ions and cleavage can be 
achieved within 6 hours at room temperature. However, significant premature cleavage 
is often observed in vivo. The most widely used protease-free methodology for tag 
removal is based on engineered intein cleavage, as described in Section 1.2.1. 
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CHAPTER III                                                                                                           
INTEIN-TRIGGERED ARTIFICIAL PROTEIN HYDROGELS THAT 
SUPPORT THE IMMOBILIZATION OF BIOACTIVE PROTEINS
*
 
 
3.1 Overview 
Protein hydrogels have important applications in tissue engineering, drug 
delivery and biofabrication.  We present the development of a novel self-assembling 
protein hydrogel triggered by the mixing of two soluble protein block copolymers, each 
containing one half of a split intein. Mixing of these building blocks initiates an intein 
trans-splicing reaction that yields a hydrogel. This intein-triggered hydrogel is highly 
stable in a wide range of pHs (6-10) and temperatures (4-50 °C), instantaneously 
recovers its mechanical properties after shear-induced breakdown, and is compatible 
with both aqueous and organic solvents. Incorporation of a “docking station” peptide 
(DSP) into the hydrogel building blocks enables simple and stable immobilization of 
docking protein (DP)-fused bioactive proteins in the hydrogel. This intein-triggered 
protein hydrogel technology opens new avenues for both in vitro metabolic pathway 
construction and functional/bi compatible tissue engineering scaffolds and provides a 
convenient platform for enzymes immobilization in industrial biocatalysis. 
 
                                                 
*
 Reprinted with permission from “Intein-triggered artificial protein hydrogels that support the 
immobilization of bioactive proteins” by Miguel Ramirez, Dongli Guan, Victor Ugaz, and Zhilei Chen, 
2013, Journal of the American Chemical Society, Copyright 2013, American Chemical Society, 
doi: 10.1021/Ja401075s.  
 
 25 
 
3.2 Introduction 
Enzymes are versatile catalysts due to their superior chemo-, regio- and stereo-
specificity. However, lack of long-term stability under process conditions and 
difficulties in recovery and recycling have greatly hampered the usefulness of enzymes 
in industrial processes. Immobilization has been shown to alleviate some of these 
limitations (148, 184). In most cases, to achieve stable immobilization, target enzymes 
need to be covalently linked to a supporting matrix through a chemical conjugation 
reaction involving the side chain functionalities of the amino acids cysteine and lysine. 
The properties of the bio-conjugates thus generated are influenced by the frequency and 
location of lysine/serine residues, and are highly variable depending on the target 
enzymes (148). Recently, a number of protein derivatization techniques have been 
developed to achieve site-specific protein immobilization, including expressed protein 
ligation (175), Staudinger ligation (176) and “click” ligation (177, 178). However, given 
that it is often difficult to determine a priori which sites in a protein are essential for a 
function versus available for modification, there remains a major demand for the 
development of new and more general technologies for high-density, high-activity 
enzyme immobilization on solid supports.  
In this study, specifically, we demonstrated the synthesis and application of a 
split-intein triggered protein hydrogel as a general scaffold for enzyme immobilization. 
The split-intein-containing protein building blocks we used for hydrogel formation are 
the copolymers CutA-NpuN (N) and NpuC-S-CutA (C). NpuN/C are the N-/C-fragments 
of the naturally split DnaE intein from Nostoc punctiforme (Npu). We chose this intein 
 26 
 
due to its extraordinarily quick reaction kinetics (t1/2 = 63 seconds) and very high trans-
splicing yield (75-85%) (21, 185). CutA, a small trimeric protein (12 kDa) from 
Pyrococcus horikoshii, was used as the cross-linker protein (186, 187). CutA has an 
extremely high denaturation temperature of near 150 °C and retains its trimeric 
quaternary structure in solutions containing as much as 5 M GuHCl (186). The ultra-
high stability of CutA is attributed to its very large number of intra- and inter-subunit 
ionic pairs forming extensive ion-pair networks (188). We reasoned that very strong 
inter-subunit interactions should discourage subunit exchange between different cross-
linkers, thus minimizing hydrogel surface erosion via the formation of closed loops 
(189). A soluble (S) fragment ([(AG)3PEG]10) (116, 190) a flexible polyanionic linker, 
was incorporated as the midblock for water retention. Mixing of N and C initiates a 
trans-splicing reaction between NpuN and NpuC, generating a longer protein chain with 
the cross-linker CutA at both termini. Cross-linkers from multiple such molecular units 
interact with each other, forming a highly cross-linked gel-like network. 
 
3.3 Materials and methods 
3.3.1 Chemicals 
All chemicals were reagent grade and purchased from either Sigma-Aldrich (St. 
Louis, MO), VWR International (Radnor, PA), or Thermo Fisher Scientific (Pittsburgh, 
PA) unless otherwise stated. Escherichia coli DH5α (Invitrogen, Grand Island, NY) was 
used for recombinant DNA cloning and manipulation. Escherichia coli BL21(DE3) 
(Novagen, Madison, WI) was used for the expression of recombinant proteins.  
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3.3.2 Plasmid construction 
Table 3.1 contains a list of the construct used in this study. To generate NpuC-S-
CutA (C): the NpuC gene was amplified from plasmid KanR-IntRBS-NpuNC-CFN (77) 
(gift from Prof. Tom Muir, Princeton University) using primers NpuC_F_NdeI and 
NpuC-R-HindIII, and inserted into pet26-IsceI plasmid (191) digested with NdeI and 
HindIII to generate pI-NpuC; the CutA gene was amplified from pet30-CutA-Tip1 (192) 
(gift from Dr. Takehisa Matsuda, Kanazawa Institute of Technology, Hakusan, Ishikawa, 
Japan) using primers SnaBI-CutA-F and XhoI-CutA-R and inserted in pI-NpuC digested 
with SnaBI and XhoI to generate pI-NpuC-CutA; the S fragment [AG3(PEG)]10 was 
amplified from plasmid pQE9 AC10Atrp (139) (gift from Prof. David Tirrell, California 
Institute of Technology) using primers HindIII-[C10]-F and SnaBI-[C10]-R and inserted 
into pI-NpuC-CutA digested with HindIII and SnaBI to generate C. 
 
 
Table 3.1 Protein constructs for intein hydrogel synthesis 
 
Short name Protein sequence 
Molecular 
weight (kDa) 
CutA-NpuN (N) 
CutA-EAC-(GGGGS)2-AS-NpuN-
HHHHHH 
26.3 
NpuC-S-CutA (C) 
NpuC-CFNKLYRDPMG- [(AG)3PEG]10-
ARMPYV-CutA-HHHHHH 
26.1 
NpuC-S-SH3lig-
CutA (C-SH3lig) 
NpuC-CFNKLYRDPMG- [(AG)3PEG]10-
ARMPYVGS-PPPALPPKRRR-(GGGGS)2-
AS-CutA-HHHHHH 
28.3 
SH3-GFP SH3-KL-(GGGGS)2-AS-GFP-HHHHHH 34.5 
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To generate NpuC-S-SH3lig-CutA (C-SH3lig): CutA gene was amplified from 
pet30-CutA-Tip1 (192) with primer L-NheI-CutA-F and XhoI-CutA-R to generate 
(GGGGS)2-CutA; this PCR product was further amplified using primers SH3lig-L-F and 
XhoI-CutA-R to generate SH3lig-(GGGGS)2-CutA. Finally, this PCR product was 
amplified using primers SnaBI-BamHI-SH3-F and XhoI-CutA-R to introduce the 
appropriate restriction sites and inserted into C between SnaBI and XhoI restriction sites. 
To generate CutA-NpuN (N): the CutA gene was amplified from pet30-CutA-
Tip1 (192) using primers NdeI-CutA-F and HindIII-CutA-R and inserted into pet26-
IsceI plasmid (191) digested with NdeI and HindIII to generate pI-CutA; NpuN was 
amplified from plasmid KanR-IntRBS-NpuNC-CFN (77)  using primers HindIII-Link-
Npu F and NpuN_R_XhoI to generate (GGGGS)2-NpuN; and inserted into pI-CutA 
digested with HindIII and XhoI to generate N.   
To generate SH3-GFP: the SH3 gene was amplified from plasmid pJD757 (193) 
(a gift from Dr. Jay D. Keasling, University of California, Berkeley) using primers NdeI-
SH3-F and HindIII-SH3-R and inserted into pet26-IsceI plasmid (191) digested with 
NdeI and HindIII to generate pI-SH3. GFP was amplified with primers HindIII-L-GFP 
fwd and XhoI_GFP_R from pET26-GFP plasmid and inserted into pI-SH3 digested with 
HindIII and XhoI resulting in SH3-GFP. Table 3.2 contains the DNA sequence of the 
primers used for the previously mentioned cloning procedures. 
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Table 3.2 Primers used for intein hydrogel constructs 
 
Primer 5’ to 3’ sequence 
NpuC_F_NdeI 
TTAGAAGGCATATGATCAAAATAGCCACACGTAAA 
TATTTAGG 
NpuC_R_HindIII 
ATTCGCAAGCTTATTGAAACAATTAGAAGCTATGAA
GCC  
HindIII_[C10]_F TATTAAAAGCTTTATCGCGATCCGATGGGT  
SnaBI_[C10]_R TAATTATACGTACGGCATGCGGGC  
SnaBI-CutA-F 
ACACTGTTACGTAATAATAGTTTACACGACTTTTCC
GG 
XhoI-CutA-R 
TAAAATCTCGAGTTTTTTCGTCTCTTCAATTAACCAT
TT 
L-NheI-CutA-F 
GAGGCGGAGGGAGCGGAGGCGGAGGGAGCGCTAG
C 
ATAATAGTTTACA CGACTTTTCCGG 
SH3lig-L-F 
CGCCGGCGCTGCCGCCGAAACGTCGTCGCGGAGGC
G 
GAGGGAGCGG 
SnaBI-BamHI-SH3-F TGCCGTACGTAGGATCCCCGCCGCCGGCGCTGCC 
NdeI-CutA-F 
GGAATTCCATATGATAATAGTTTACACGACTTTTCC
GG 
HindIII-CutA-R 
GGAATTCAAGCTTCTTTTTTCGTCTCTTCAATTAACC
ATTT 
HindIII-Link-Npu F 
CCTGGAAGCTTGTGGAGGCGGAGGGAGCGGAGGCG
GAGGGAGC 
GCTAGC TGTTTAAGCTATGAAACGGAAATATTGAC 
NpuN_R_XhoI  ATATAGCTCGAGATTCGGCAAATTATCAACCCG 
NdeI-SH3-F TTGAAATTTACATATGGCAGAGTATGTGCGGG 
HindIII-SH3-R TAACTCCAAGCT TATACTTCTCCACGTAAGGGA  
HindIII-L-GFP fwd 
TTCAATAAGCTTGGAGGCGGAGGGAGCGGAGGCGG
AGGGAGC 
GCTAGC GTGAGCAAGGGCGAGG 
XhoI_GFP_R TAA AATCTCGAGTAACTCGTCCATGCCGAGAG 
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3.3.3 Protein expression and purification 
Escherichia coli BL21(DE3) was transformed with the appropriate expression 
plasmid and plated on an agar plate containing 50 μg/ml kanamycin. The next day, all 
colonies (50~100) were collected and transferred to 1L Luria-Bertani (LB) Broth 
containing kanamycin (50 µg/ml) and grown at 37 °C until OD600 ~0.8. For C and C-
SH3lig, protein expression was induced at 37 °C for 4 hours by the addition of Isopropyl 
β-D-1-thiogalactopyranoside (IPTG, 1 mM). All the other constructs were expressed at 
18 °C for 14 hours with 1mM IPTG. After expression, cells were harvested by 
centrifugation at 6,000 x g at 4 °C for 20 minutes and stored at -80 °C until use.  
 
 
Table 3.3 Buffer compositions for intein hydrogel process 
 
Buffer Composition 
Buffer A 500mM NaCl, 10mM Tris-HCl, pH 8.0 
Buffer DA 500mM NaCl, 8M Urea, 10mM Tris-HCl, pH 8.0  
Buffer B 500mM NaCl, 50mM NaPOi, pH 6.0 
Buffer DW 500mM NaCl, 8M Urea, 45mM Imidazole, 10mM Tris-HCl, pH 8.0 
Buffer W 500mM NaCl, 45mM Imidazole, 50mM NaPOi, pH 6.0 
DPBS 
Dulbecco's PBS, 137.9mM NaCl, 2.7mM KCl, 1.5mM KH2PO4, 8.1mM 
Na2HPO4, pH 7.4 
DMEM 
Dulbecco's Modified Eagle Medium, Lonza, Allendale, NJ 07401,  cat # 
12-604F, with 0.5% NaN3 
Buffer E DPBS supplemented with 5 mM DTT and 0.5% NaN3 
EB1 DPBS supplemented with 0.5 % NaN3 
EB2 137mM NaCl, 50mM NaPOi, 0.5% NaN3, pH 6.0 
EB3 137mM NaCl, 10mM Tris-HCl, 0.5% NaN3, pH 10.0 
 
 
Table 3.3 contains the composition of the different buffers used in this study. For 
the purification of N, cell pellets were resuspended in Buffer A at 10 mL per gram of 
wet pellet, and disrupted by sonication (QSonica Misonix 200, Amp 10, 16-20W, with 1 
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second pulse 6 seconds pause for 1 minute). The lysate was centrifuged at 16,000 x g for 
20 minutes at 4 °C. The supernatant was discarded and the pellet was resuspended in 
Buffer DA and centrifuged at 16,000 x g for 20 minutes at 4 °C. The resulting 
supernatant was passed through a 5-mL Ni Sepharose™ High Performance HisTrap 
column (GE Healthcare Life Sciences, Piscataway, NJ) using a BioLogic LP System 
(Bio-Rad, Hercules, CA). The column was washed with Buffer DW and the purified 
protein was eluted in Buffer DA supplemented with 150 mM imidazole. Purified protein 
was buffer exchanged into DPBS buffer via a 30-kDa ultra-filtration spin column 
(Amicon Ultra, Millipore, Billerica, MA) and concentrated to ~100 mg/mL via the same 
column in DPBS supplemented with 2mM Dithiothreitol (DTT) and stored at -80 °C 
until use. Storage of purified protein without removing imidazole can significantly 
reduce the intein catalytic activity. 
For the purification of C and C-SH3lig, cell pellets were resuspended in Buffer B 
supplemented with 1x protease inhibitor cocktail (Roche Applied Science, Indianapolis, 
IN). Acidic buffer (pH 6) was used to minimize proteolytic degradation. The cells were 
disrupted by sonication. The soluble lysate was passed through a 5-mL Ni Sepharose™ 
High Performance HisTrap column using a BioLogic LP System, washed with Buffer W 
(0.5M NaCl, 50 mM NaPOi, 45 mM Imidazole, pH 6) and the target protein was eluted 
in Buffer B supplemented with 150 mM imidazole. Purified protein was buffer 
exchanged into phosphate buffer (50 mM NaPOi, pH 7.0) and loaded onto a 5-mL 
HiTrap SP Sepharose FF ion exchange column (GE Healthcare Life Sciences, 
Piscataway, NJ). Target protein eluted at ~200mM NaCl (50 mM NaPOi, pH 7.0), and 
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was buffer exchange into DPBS buffer via a 30-kDa ultra-filtration spin column and 
concentrated to ~100mg/ml via the same column in DPBS buffer supplemented with 
2mM DTT and stored at -80 °C until use. 
SH3-GFP was purified from the soluble fraction via a single pass in Ni 
Sepharose™ High Performance HisTrap column in Buffer A. Purified protein was buffer 
exchanged into DPBS via a 30-kDa ultra-filtration spin column and concentrated in 
DPBS buffer to ~150 mg/mL and stored at -80 °C.  
For SDS-gels, sample protein was first diluted in distilled water to reduce the 
concentration of NaCl to ~1 mM. We found that at this NaCl concentration the CutA 
trimer proteins run as monomers in the SDS-gels. The diluted samples were mix with 2x 
SDS sample buffer (0.5 M Tris-HCl, pH 6.8, 20% Glycerol, 10% w/v SDS, 0.1 % w/v 
bromo-phenol blue, 2% β-mercaptoethanol), incubated at 95 ˚C for 5 minutes and 
analyzed using 12% SDS-PAGE gels. The gels were stained with Coomassie brilliant 
blue R250. 
 
3.3.4 Rheological characterization 
Rheological measurements were performed using a Paar-Physica MCR-300 
parallel plate rheometer (Anton Paar, Ashland, VA) with a 25 mm plate fixture (PP25). 
Purified C was manually mixed with N on the rheometer plate by swirling motion. The 
final mixture contained a total of 200 µL protein at 1.6 mM N/C in Buffer E. The 
measuring gap was set at 0.2 mm. Excess protein was removed from the side of the 
fixture. The outer edge of the sample was coated in mineral oil in order to minimize 
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sample evaporation. The samples were incubated overnight to ensure hydrogel 
formation. The next day, strain sweep and frequency sweep were measured at 10 rad/sec 
frequency and 10% strain amplitude, respectively. Large-amplitude oscillatory shear 
(LAOS) was probed at 10 rad/s frequency. 
 
3.3.5 Hydrogel erosion studies 
To determine the stability of the intein-triggered hydrogel at different temperatures, 
purified C and N (total 50 µL in Buffer E) were manually mixed in a 1.7 mL micro-
centrifuge tube by a swirling motion using a pipette tip. The hydrogel (1.6 mM J) was 
briefly centrifuged at 6000 x g to remove the air bubbles, and incubated at room 
temperature overnight to ensure gel formation. Erosion was initiated by the additional of 
500 µL of Erosion Buffer 1 (EB1) to the hydrogel and the entire tube was incubated at 
the specified temperature. At specified times, EB1 was removed and replaced with 500 
µL fresh EB1. The amount of protein in EB1 was determined using the Bradford method 
(Coomassie Plus Bradford Assay Reagent, Pierce Protein Biology Products, Rockford, 
IL). To determine the stability of intein hydrogel at acidic and basic conditions, hydrogel 
erosion was carried in EB2 and EB3, respectively. 
 
3.3.6 Hydrogel stability in Dulbecco's Modified Eagle Medium (DMEM) 
To determine the stability of hydrogel in DMEM, and the ability of DMEM to diffuse 
into the hydrogel, a 50 µL hydrogel in Buffer E (1.6 mM J) was immersed in 500 µL 
DMEM at room temperature. Images were taken immediately and 16 hours later. 
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3.3.7 Hydrogel synthesis in DMEM  
One hundred microliters of concentrated protein (N and C) was diluted in 1 mL 
of  DMEM (Table 3.3) and dialyzed overnight in 50 mL of DMEM at 4°C using a 12000 
to 14000 kDa cut-off dialysis membrane (Spectrum Laboratories Inc, Rancho 
Dominguez, CA). The dialyzed proteins were concentrated via 10-kDa ultra-filtration 
spin columns to ~100mg/mL (estimated based on initial concentrations). Concentrated 
proteins were mixed at ~1:1 molar ratio in the presence of 5mM DTT. Hydrogel 
formation was confirmed via upside-down tube test. We were also unable to pipette the 
solid hydrogel using a pipette tip. 
 
3.3.8 Hydrogel pore size estimation 
Hydrogel building block C was first mixed with 20 kDa fluorescently labeled 
FITC-dextran molecules (FD20S, Sigma-Aldrich, St. Louis, MO) or pyranine (TCI 
America, Portland, OR) in Buffer E inside a 1.7 mL micro-centrifuge tube. Building 
block N was added to the mixture to induce hydrogel formation as described above. The 
total volume of hydrogel (1.6 mM J) was 50 µL and the final concentrations of FITC-
dextran and pyranine in the hydrogel were both 0.1%. After hydrogel formation, 500 µL 
EB1 was added to the hydrogel to initiate the diffusion of entrapped molecules. EB1 was 
replaced periodically and the amount of FITC-dextran/pyranine present in EB1 was 
quantified by measuring the fluorescence intensity in a SpectraMax Gemini EM 
(Molecular Devices, Sunnyvale, CA) plate reader with excitation/emission wave lengths 
of 485/538 nm. For the control experiments using agarose gels, 0.5 g of agarose was 
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dispersed in 50 mL DPBS buffer and melted in a microwave oven. The solution was 
cooled to ~50 °C and 47.5 uL of the solution was added to a 1.7ml centrifuge tube 
containing 2.5 µL of 20X- FITC-Dextran or pyranine solutions (20 mg/mL). The 
mixture was briefly centrifuged at 6000 x g and incubated overnight. The next day, 500 
µL EB1 was added to the gel to initiate diffusion of entrapped molecules. 
 
3.3.9 GFP leaching studies 
SH3-GFP was manually mixed with C-SH3lig or C at 1:1 molar ratio in Buffer E 
in a 1.7 mL micro-centrifuge tube. The mixture was incubated at 22 °C for 30 minutes. 
N was then added to the same tube and the solution was manually mixed with a pipette 
tip. The final mixture contains 1:1:1 molar ratio of SH3-GFP:C-SH3lig/C:N at 1.2 mM 
each component in 50 µL buffer E. This mixture was incubated at room temperature 
overnight. The next day, EB1 (500 µL) was added to the hydrogel. EB1 was replaced 
with fresh EB1 periodically at specified times. The amount GFP in EB1 was quantified 
by measuring the fluorescence intensity in a SpectraMax Gemini EM plate reader 
(Molecular Devices, Sunnyvale, CA) with excitation/emission wave lengths of 485/538 
nm. The amount of total protein in EB1 was quantified via Bradford method. 
 
3.3.10 Enzymatic reaction studies of HRP-containing hydrogel 
Purified C was mixed with horseradish peroxidase (HRP) (Sigma-Aldrich, St. 
Louis, MO) in Buffer E in a 1.7 mL micro-centrifuge tube. Purified N was then added to 
the same tube and the solution was manually mixed using a pipette tip. The final mixture 
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contains 1.6 mM J and 0.042 mM HRP in 30 µL total volume. After hydrogel formation, 
all tubes were left at 4 °C. At different times, then hydrogel was submerged in 1 mL of 
n-heptane and manually disrupted into small piece to increase the contact surface area. 
For control samples, the same amount of HRP was dissolved in 30 µL Buffer E and the 
experiment was carried out as described above. All tubes were equilibrated to room 
temperature (~30 minutes) prior to the addition of substrate. Then, the n-heptane was 
replaced with 500 µL reaction cocktail containing N,N-dimethyl-p-phenylene diamine 
(5.8 mM), phenol (5.8 mM) and tert-butyl hydroperoxide (2.9 mM) in n-heptane (194). 
The formation of product, an indophenol-type dye, was monitored by measuring optical 
absorbance of the supernatant at 546 nm every 30 minutes for 2 hours in a transparent 
96-well plate using a SpectraMax 340PC384 plate reader (Molecular Devices, 
Sunnyvale, CA). 
 
3.4 Results 
For hydrogel formation, purified N and C were manually mixed at 1:1 molar 
ratio via a swirling motion using a pipette tip in Dulbecco's PBS (DPBS) supplemented 
with 5 mM DTT (Table 3.3: Buffer E). DTT serves to activate the intein trans-splicing 
reaction between N and C (57, 195), triggering the formation of protein fragment J: 
CutA-S-CutA (Fig. 3.1A, C). However, due to the very high affinity between the intein 
N- and C-fragment, hydrogel can also form in the absence of DTT. The final 
concentration of cross-linked protein (J) is ~5% w/v (combined mass of N and C minus 
that of the spliced inteins) or 1.6 mM. Individually, the N and C proteins are in the form 
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of viscous liquid, but when the fragments are mixed, a gel-like material is formed (Fig. 
3.1B). Densitometric analysis of SDS-PAGE gels revealed that ~80% of the input 
protein successfully underwent the trans-splicing reaction (Fig. 3.1C).  
 
 
 
Figure 3.1 Intein-mediated protein hydrogel. (A) Schematics of intein trans-splicing 
reaction that triggers the formation of an extended protein chain (J) with cross-
linker proteins at both termini. Cross-linker proteins from multiple J protein 
chains non-covalently interact with each other upon intein-mediated protein 
ligation, inducing the formation of a highly cross-linked protein network with 
hydrogel properties. NpuN/C: intein N-/C-fragment. (B) Mixing of purified N and 
C (8.3 % w/v) leads to the formation of a highly cross-linked hydrogel network (1.6 
mM J). (C) SDS-PAGE analysis of purified N and C building blocks before and 
after mixing. “N+C” corresponds to a sample taken directly from a 1.6 mM 
hydrogel. “+” denotes an intein C-terminal cleavage side reaction product. 
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The gel-like material formed upon mixing N and C was confirmed to be a 
hydrogel by rheological analysis which showed a substantially greater plateaued storage 
modulus (G’) compared to loss modulus (G”) over a wide range of frequencies and 
strains (Fig. 3.2A, B).  
 
 
 
Figure 3.2 Rheological characterization of a hydrogel with 1.6 mM J. (A) Strain 
sweep at 10 rad/sec. (B) Angular frequency sweep at 10% strain.  (C) Large-
amplitude oscillatory shear cycles at 10 rad/sec. 
 
 
An intein-mediated hydrogel with 1.6 mM J is able to retain elastic properties at 
~100% strain amplitude (Fig. 3.2A). At strains >100%, G’ decreases while G” increases 
until the two values cross each other and the hydrogel transitions from a predominantly 
elastic material to a viscous fluid. The increase in energy dissipation seen in G” at this 
transition point suggests the disruption of non-covalent associations within the network 
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hydrogel with 1.6 mM J is 110 ± 27 Pa. Measurements were made on three separate 
samples, and errors are standard deviations.  The hydrogel mechanical properties are 
influenced by the choice of both the cross-linker and the midblock (146). The cross-
linker structure governs the number of intermolecular interactions in the hydrogel. 
Previously, it was shown that a hydrogel with tetrameric cross-linkers has lower G’∞ 
(~400 Pa) than one with pentameric cross-linkers (G’∞ >1000 Pa) (189). The trimeric 
cross-linker structure of this intein hydrogel may be partially responsible for the low G’∞ 
and a higher G’∞ may be obtained by using a different cross-linker protein that exhibits a 
higher order of multimerization.  
Dynamic rheological characterization revealed that our intein-mediated hydrogel 
instantaneously recovers its mechanical properties after shear-induced breakdown (Fig. 
3.2C). A small but permanent loss of elastic modulus (10%) is seen after the first cycle 
of large-amplitude oscillatory shear (LAOS). However, the G’ does not decrease further 
after subsequent cycles of LAOS. The very rapid recovery kinetics is attributed to the 
use of a single protein, CutA, as the cross-linker allowing the disengaged monomer to 
very easily associate with other monomers to reform new trimer cross-linkers. Hydrogels 
with non-symmetrical cross-linkers typically exhibit slower recovery kinetics (196). The 
ability of the intein-triggered hydrogel to recover its mechanical properties after LAOS 
points to the injectability of this hydrogel which is highly desirable for controlled drug 
delivery and tissue engineering applications (197, 198).  
The intein-triggered protein hydrogel (1.6 mM J) exhibits remarkable stability in 
aqueous solution. After 21 days at 22 °C, the total amount of protein released into the 
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solution only slightly exceeds the theoretical amount of the spliced out intein (calculated 
based on 100% trans-splicing efficiency), indicating little to no loss of cross-linked 
hydrogel scaffold (Fig. 3.3A). This result is confirmed by SDS-PAGE analysis which 
shows only trace amounts of the trans-spliced product in the surrounding buffer (Fig. 
3.3B, band J). The vast majority of the protein in the surrounding buffer corresponds to 
the spliced intein that diffused out of the hydrogel. The hydrogel volume expanded 
significantly in the first 24 hours and slightly in the first week due to hydrogel swelling, 
but did not detectably change after that, likely due to negligible loss of cross-linked 
hydrogel scaffold. An undisturbed hydrogel is stable in aqueous solution at room 
temperature for over 3 months with essentially no erosion (Fig. 3.3A inlet). Small 
isolated air bubbles that occasionally became trapped at the surface of the hydrogel 
during hydrogel formation remained after 3 months, indicating that this hydrogel does 
not undergo surface erosion due to closed loop formation (189, 199). 
We next determined the stability of this hydrogel under various conditions. The 
hydrogel exhibits a similar erosion profile in pH 6.0 and pH 10.0 buffer (Fig. 3.4A) and 
a hydrogel with as low as 0.8 mM J (2.7% w/v) was able to retain ~40% of its initial 
mass after 7 days in DPBS buffer at room temperature (Fig. 3.4B).  The hydrogel is also 
stable at 37 °C but less so at 50 °C (Fig. 3.3C). The elevated hydrogel erosion rate at 
high temperatures is somewhat surprising since CutA retains its trimeric quaternary 
structure at temperatures near 150 °C (186).  
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Figure 3.3 Stability of intein-mediated hydrogels in DPBS. A) Erosion of a 1.6 mM 
hydrogel at 22°C. Dotted line represents the theoretical mass corresponding to the 
cleaved inteins. The inlet shows an undisturbed hydrogel in DPBS after 3 months at 
room temperature. B) SDS-PAGE analysis of hydrogel’s surrounding buffer. All 
the samples of the buffer in which the hydrogel was immersed in (A) were pooled 
(total 7.5 ml) and concentrated 75-fold via ultrafiltration through a 10 kDa 
membrane prior to gel loading. J: intein trans-spliced product. N: unreacted CutA-
NpuN. NpuN: spliced out N intein fragment. Unreacted C and spliced out NpuC are 
not visible from the gel due to the small quantity and small size (4 kDa), 
respectively. The asterisk denotes unidentified bands. (C) Erosion profile of 
hydrogel incubated at different temperatures. (D) Diffusion kinetics of FITC-
dextran (20 kDa) and pyranine (524 Da) from a 1.6 mM hydrogel and 1% agarose 
gels. The inlet shows the hydrogel containing pyranine under UV exposure at three 
time points. The error bars represent the standard deviation of 2 independent 
experiments. 
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Figure 3.4 Erosion profiles of intein-triggered hydrogels under different conditions. 
A) Erosion profiles of a 1.6 mM hydrogel at pH 6 and pH 10. Hydrogels (50 µL) in 
micro-centrifuge tubes were immersed in 500 µL EB2 (pH 6.0) or EB3 (pH 10.0). 
The entire supernatant was removed and replaced with 500 µL of the same buffer 
at the specified times. B) Erosion profiles of intein-triggered hydrogels with 
different protein concentrations. These studies were carried out in Buffer EB1. 
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of intermolecular interactions. The bulk rheology experiments measures the lowest 
storage modulus (i.e. ‘weakest link’) in a material, possibly explaining why our hydrogel 
exhibits a low overall measured G’∞ value. The formation of hydrogel sheets is 
supported by the observation that our intein hydrogel crumbled into small sheet-like 
structures when incubated in DPBS at elevated temperature (>50 °C) during the erosion 
experiment. This phenomenon also suggests that the mechanical properties of the 
hydrogel could be tuned over a wide range by controlling the speed of mixing. 
Molecules of 20 kDa size can easily diffuse out of the hydrogel (Fig. 3.3D). 
However, both small (pyranine, 534 Da) and large (20 kDa dextran) molecules appear to 
diffuse out of the hydrogel at a similar rate. In contrast, agarose gels showed a much 
higher diffusion rate for pyranine than for dextran (Fig. 3.3D). The pore size of our 
intein-triggered hydrogel is primarily governed by the size and physicochemical 
properties of the midblock chain. The average hydrodynamic diameter of our midblock 
fragment – the S fragment chain – is 40 Å  and the diagonal distance of CutA trimer is 
~45 Å (measured from pdb code: 1V99). The average pore size of this hydrogel is 
expected to be similar to the cytosolic environment (200, 201). The similar diffusion rate 
of 20 kDa dextran and 534 Da pyranine may reflect the dynamic nature of the hydrogel 
in which molecular diffusion is limited by the vibrational motion of the S fragment. Use 
of proteins with elongated or rigid structures as a midblock should yield an expanded 
hydrogel pore size, thus facilitating molecular diffusion. 
Next, we tested the ability of the intein-mediated hydrogel to function as a 
protein immobilization scaffold. For target protein immobilization in the hydrogel, we 
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chose the Src homology 3 domain from the adaptor protein CRK (SH3) and its ligand 
(SH3lig) as the DP and DSP, respectively, because of their relatively small size (56 aa for 
SH3 and 11 aa for SH3lig), high affinity (kd = 0.1 µM) towards each other (202), and 
their previous application in intracellular protein docking (193). SH3lig was inserted 
between the NpuC and the CutA to form C-SH3lig (Table 3.1). The SH3 protein was 
fused to the N-terminus of green fluorescent protein (GFP) to form SH3-GFP. Purified 
C-SH3lig and SH3-GFP were mixed at 1:1 molar ratio to facilitate the docking of SH3 to 
SH3lig. An equimolar amount of N was then added to the mixture to form a hydrogel 
containing embedded GFP (Fig. 3.5A). The final hydrogel contains 1.2 mM trans-
spliced hydrogel backbone and 1.2 mM GFP (1:1:1 molar ratio of SH3-GFP: C-SH3lig: 
N). Incorporation of GFP did not compromise the hydrogel’s stability in solution (Fig. 
3.5B, Fig. 3.6). The leaching of immobilized SH3-GFP from SH3lig-containing hydrogel 
is ~30% after 3 weeks, significantly slower than that from hydrogel lacking SH3lig, 
which lost >70% of the entrapped protein within the same period (Fig. 3.5C). The 
immobilized SH3-GFP in the hydrogel can be conveniently visualized under UV, with 
SH3lig-containing hydrogel retaining most of the GFP fluorescence after 3 weeks while 
the hydrogel lacking SH3lig lost most of its fluorescence (Fig. 3.5D). It is possible that an 
even slower leaching rate of the immobilized protein can be achieved if a higher-affinity 
DP/DSP pair is used. Any DP-fused target protein should be able to be immobilized in a 
similar fashion. These results provide a first proof-of-principle that our intein-triggered 
protein hydrogel can be used as a general scaffold for protein immobilization through a 
method that does not significantly impact protein activity – the docking of a protein-
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protein pair. This result is on contrast to chemical immobilization of proteins involving 
modification of the side chain functionalities of the amino acids cysteine and lysine – 
currently widely used for protein immobilization – which can negatively impact protein 
activity (148). 
 
 
 
Figure 3.5 Intein-triggered hydrogel as a scaffold for protein immobilization. (A) 
Schematic of protein immobilization using GFP as a model globular protein. DSP-
containing hydrogel building blocks are first mixed with DP-fused target protein.  
The complementary intein fragment-containing hydrogel building block is added to 
the mixture yielding a hydrogel with immobilized GFP. (B) Total protein erosion 
profile of hydrogel containing 1:1 molar ratio of SH3-GFP. Dotted line represents 
the theoretical mass corresponding to the spliced out inteins. The error bars 
represent the standard deviation of 2 independent experiments. (C) Leaching 
profile of SH3-GFP from hydrogel with and without the DSP. (D) Images of GFP 
containing hydrogels under UV exposure immediately after hydrogel formation 
and after 21 days. 
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Figure 3.6 Leaching of encapsulated and immobilized GFP. (A) SDS-PAGE 
analysis of the surrounding buffer of SH3-GFP containing hydrogel whose building 
blocks contain or lack DSP (SH3lig). The hydrogel is immersed in EB1 for 21 days 
and the buffer is periodically replaced as indicated in Fig. 3.5B. All the buffers 
harvested at different times (total 7.5 mL) were pooled and analyzed as described 
in Fig. 3.3B. The asterisk denotes unidentified bands. (B) Erosion and leaching 
profiles of hydrogel harboring SH3-GFP in the first 5 hours of buffer contact. 
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containing a given DSP can be separately preloaded with different target proteins, and 
solutions of a hydrogel building block loaded with the different target proteins can be 
mixed at any desired ratio prior to the addition of the protein building block containing 
the complementary split intein fragment. This second approach enables convenient 
immobilization of different proteins at any desired ratio using a single DP-DSP pair, 
facilitating, for example, convenient multi-enzyme metabolic pathway optimization in 
vitro (203).  
We next decided to determine the ability of our protein hydrogel to facilitate 
enzymatic reactions in an organic solvent. Enzymes hold enormous potential as catalysts 
for organic synthesis. However, enzymes are rarely used for the synthesis of organic 
compounds due to their low activity and stability in organic solvents (204). Synthetic 
polymer hydrogels have been used to prevent enzyme denaturation in organic solvents 
(205, 206). Using horseradish peroxidase (HRP) as the model enzyme and the oxidative 
coupling of N,N-dimethyl-p-phenylene diamine and phenol with tert-butyl 
hydroperoxide as the model reaction (194), we  determined the ability of our hydrogel to 
protect the immobilized enzymes from the denaturing effect of the organic solvent 
heptane. Hydrogel entrapping 0.042 mM HRP was immersed in heptane for 24, 9 and 
zero hours (Set A, B, C respectively) prior to the addition of reaction substrates. To 
increase the area of the hydrophilic/hydrophobic interface, this hydrogel was manually 
disrupted into small pieces after immersion in the solvent. As anticipated, HRP 
entrapped in the hydrogel was able to catalyze rapid oxidation reactions, giving rise to a 
colorimetric product that is quantifiable via spectrophotometry. The product accumulates 
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linearly regardless of the amount of time in contact with the solvent indicating little-to-
no enzyme inactivation by heptane (Fig. 3.7). On the other hand, HRP added directly to 
heptane exhibited very low catalytic activity due to enzyme inactivation. HRP dissolved 
in DPBS first and then added to heptane (Set C-E, incubated in heptane for 24, 9 and 
zero hours, respectively) was unable to catalyze significant conversion, likely due to the 
very limited surface area between the enzyme in the aqueous phase and the substrate in 
the organic phase. The ability of our protein hydrogel to withstand the denaturing effect 
of organic solvent is attributed to the incorporation of the hydrophilic S fragment in the 
hydrogel backbone, which effectively ‘locks’ water molecules inside the hydrogel, 
preventing organic solvent from accessing the hydrogel interior. These results 
demonstrate the potential of our intein-triggered protein hydrogel as a scaffold for 
enzymatic reactions in organic solvents. 
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Figure 3.7 Intein-mediated protein hydrogel facilitates horseradish peroxidase 
(HRP)-catalyzed reaction in organic solvent n-heptane. (A) Model reaction 
catalyzed by HRP. (B) Schematics of the experimental procedure. HRP containing 
hydrogel or DPBS were submerged in equal volume of n-heptane for different 
period of times (indicated by the brown arrow) at 4 °C. Hydrogel was manually 
disrupted into small piece after immersion in the solvent. All samples were 
equilibrated to room temperature (22 °C) prior to the addition of reaction 
substrate. The formation of product, an indophenol-type dye, was monitored by 
measuring the optical absorbance of the organic phase supernatant for 2 hours. (C) 
Relative absorbance for each sample after subtracting the background.  
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growth medium (Fig. 3.8), pointing to its potential for use as a scaffold for tissue 
engineering applications. Intein-triggered hydrogel technology provides a new platform 
for protein hydrogel design and synthesis, and should find use in many research and 
biofabrication applications including enzyme immobilization, bioelectrode fabrication, 
organic synthesis, injectable drug delivery, and functional tissue engineering scaffolds. 
 
 
Figure 3.8 Hydrogels in DMEM media. (A) 1.6mM hydrogel synthesized using 
DPBS. Hydrogel was incubated with DMEM media to monitor diffusion of media 
into hydrogel. After overnight incubation, the coloration corresponding to phenol 
red is uniform throughout the hydrogel. Swelling behavior is evident by the 
increased volume of the hydrogel after media diffuses into hydrogel. (B) Synthesis 
of hydrogels with proteins dissolved in DMEM media: Concentrated protein (N and 
C) was dialyzed overnight against DMEM at 4°C. The proteins were concentrated 
using a 10-kDa ultra-filtration spin column and concentrated to ~100mg/ml. 
Proteins were mixed at 1:1 molar ratio supplemented with 5mM DTT and 0.2% 
NaN3. Hydrogel formation was confirmed via upside-down tube test, and by the 
inability to pipette the solid hydrogel. C) Visual evidence of swelling of hydrogel. A 
1.6mM J hydrogel was incubated for 48 hours in DPBS buffer. 
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CHAPTER IV                                                                                                             
TWO-COMPONENT PROTEIN HYDROGELS ASSEMBLED USING AN 
ENGINEERED DISULFIDE-FORMING PROTEIN-LIGAND PAIR*
†
 
 
4.1 Overview 
We present the development of a two-component self-assembling protein 
hydrogel. The building blocks of the hydrogel are two liquid-phase protein block 
copolymers each containing a subunit of the trimeric protein CutA as a cross-linker and 
one member of a PDZ-domain-containing protein-ligand pair whose interaction was 
reinforced by an engineered disulfide linkage. Mixing of the two building blocks 
reconstitutes a self-assembling polypeptide unit, triggering hydrogel formation. This 
hydrogel exhibits extremely high solution stability at neutral and acidic pHs and in a 
wide range of temperatures (4-50 °C). Incorporation of a “docking station peptide” 
binding motif into a hydrogel building block enables functionalization of the hydrogel 
with target proteins tagged with a “docking protein”. We demonstrated the application of 
an enzyme-functionalized hydrogel in a direct electron transfer enzymatic biocathode. 
These disulfide-reinforced protein hydrogels provide a potential new material for diverse 
applications including industrial biocatalysis, biosynthesis, biofuels, tissue engineering, 
and controlled drug delivery.  
                                                 
*
 Reprinted with permission from “Two-component protein hydrogels assembled using an engineered 
disulfide-forming protein-ligand pair” by Dongli Guan, Miguel Ramirez, Shao Lin, Daniel Jacobsen, Ivan 
Barrera, Jodie Lutkenhaus, and Zhilei Chen, 2013, Biomacromolecules, Copyright 2013, American 
Chemical Society, doi: 10.1021/bm400814u. M. Ramirez designed and performed preliminary hydrogel-
formation experiments. M. Ramirez designed, engineered and characterized disulfide-bond formation 
protein:ligand pair. Dongli Guan carried out hydrogel formation and characterization. 
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 4.2 Introduction 
Hydrogels are three-dimensional, hydrophilic polymer networks that hold large 
amounts of water. Based on the nature of the cross-linkers, hydrogels can be categorized 
as either chemical or physical hydrogels (207). Chemically cross-linked hydrogels are 
usually very stable in solution, typically undergo a large volume change during solution-
to-gel transition, and contain covalently joined cross-linkers formed through chemical 
reactions such as disulfide formation, (photo) polymerization or the reaction between 
thiols and acrylates or sulfonates (208). Physical hydrogels contain non-covalently 
joined cross-linkers and often self-assemble in response to external stimuli such as 
changes in pH and temperature. These non-covalently joined cross-linkers render the 
physical hydrogel susceptible to shear-thinning under mechanical stress and self-healing 
upon cessation of the stress, making these hydrogels suitable for use as injectable 
materials. Additionally, gelation of self-assembled hydrogels does not rely on organic 
solvents or extraneous cross-linking reagents, making this material more favorable for 
biomedical applications including controlled drug delivery and tissue engineering (209, 
210).  
Many natural proteins can self-assemble into physical hydrogels, including 
elastin, collagen and gelatin. However, natural proteins often have a short shelf-life and 
purification from natural sources is non-trivial (210), limiting their broad applicability. 
In contrast, recombinant proteins are amenable to tuning of physical properties and can 
be purified on a large scale, making them a more desirable alternative to natural proteins 
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as building blocks for protein-based hydrogels (119, 139, 192). Diverse functional 
motifs can be easily incorporated into recombinant hydrogel-building-block proteins via 
genetic manipulation resulting in materials with specific and desired biological, chemical 
and mechanical properties. Recombinant protein hydrogels have been developed for 
applications in tissue engineering, biosynthesis and biofuel applications (119, 146, 211-
213). 
In this study, we report the synthesis of a novel self-assembling protein hydrogel 
based on the bioaffinity of a pair of engineered proteins. Gelation is triggered by the 
mixing of two liquid-phase protein building blocks, each containing a subunit of a 
trimeric protein (CutA) and a PDZ domain-containing protein (Tip1) or its peptide 
ligand (Tip1lig). CutA serves as a crosslinking unit. A polypeptide containing a cross-
linker on only one terminus is incapable of self-assembly into a network. On the other 
hand, a polypeptide containing cross-linkers on both termini is able to self-assemble into 
a network. Mixing of the two polypeptide building blocks, each containing a CutA cross-
linker on one terminus and either Tip1 or Tip1lig on the other terminus, assembles into a 
polypeptide unit containing CutA cross-linker on both termini via the interaction 
between Tip1 and Tip1lig, triggering a networking cascade and hydrogel formation. This 
hydrogel is stable at both acidic and neutral pHs (6-8) and in a wide range of 
temperatures (4-50 °C), exhibits high elasticity, and quickly recovers elasticity after 
shear-induced thinning. The high solution-stability of the hydrogel is attributed to the 
introduction of a disulfide bond between Tip1 and Tip1lig which reinforces the linkage 
between cross-linkers on the self-assembling polypeptide unit, and the use of the 
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extremely stable CutA trimer as the crosslinking agent. Incorporation of a docking 
station peptide (DSP) enables functionalization of the Tip1-mediated hydrogel with 
docking protein (DP)-tagged target proteins.  
 
4.3 Materials and methods 
4.3.1 Chemicals and bacterial strains  
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO), VWR 
International (Radnor, PA), or Thermo Fisher Scientific (Waltham, MA) unless 
otherwise stated. Escherichia coli strains DH5α (Invitrogen, Carlsbad, CA) and 
BL21(DE3) (New England Biolabs, Ipswich, MA) were used for recombinant DNA 
cloning and recombinant protein expression, respectively.  
 
4.3.2 Plasmid construction  
A schematic depiction of the amino acid sequences of all protein constructs and 
their numberings is shown in Table 4.1. Note that, in this chapter, the engineered 
disulfide-forming protein and its ligand, Tip1T58C and Tip1ligD778C, are referred to as 
dsTip1 and dsTip1lig, respectively. 
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Table 4.1 Protein constructs used in disulfide bond hydrogel   
 
Construct Short Name Protein sequence MW(kDa) 
1 CutA-Tip1(192) M-(H)7-M-CutA-Tip1 24.8 
2 CutA-Tip1lig  MG(S)2-(H)6-(S)2GLVPRGSH-CutA-
EAYRDPMG-[(AG)3PEG]10-ARMPYVGS-
SH3lig-[(G)4S]2-AS-Tip1lig 
26.1 
3 CutA-dsTip1 CutA-EAC-[(G)4S]2-AS-Tip1T58C-LE-(H)6 25.9 
4 CutA-dsTip1lig  MG(S)2-(H)6-(S)2GLVPRGSH-CutA-
EAYRDPMG-[(AG)3PEG]10-ARMPYVGS-
SH3lig-[(G)4S]2-AS-Tip1ligD778C 
26.1 
5 SH3-Slac SH3-KL-[(G)4S]2-AS-Slac-LE-(H)6 45.9 
6 SH3-GFP SH3-KL-[(G)4S]2-AS-GFP-LE-(H)6 35.5 
7 dsTip1 Tip1T58C-LE-(H)6 12.6 
8 GFP-dsTip1lig MG(S)2-(H)6-(S)2GLVPRGSH-GFP-
[(G)4S]2-AS-Tip1ligD778C 
28.8 
 
 
 
Sequences of primers used in this study are shown in Table 4.2. To generate 
CutA-dsTip1 (construct 3), the dsTip1 gene from pET30-CutA-Tip1 (192), a gift 
encoding CutA-Tip1(1) from Dr. Takehisa Matsuda (Kanazawa Institute of Technology, 
Japan), was modified by site-directed mutagenesis (overlap extension PCR) using the 
primers NheI-Tip1-F/T58C Tip R and T58C Tip F/XhoI-Tip1-R, and the mutant gene 
was inserted into CutA-NpuN (213) between the NheI and XhoI sites to replace NpuN 
with dsTip1.  
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Table 4.2 Primers for disulfide bond hydrogel constructs  
 
Name 5’ to 3’ sequence 
NheI-Tip1-F ATTATCTGCTAGCGTAGTGCAAAGAGTTGAAATTCA
TAAGTT 
T58C Tip R CTCTGATACTCGGCAGACGTAAATGC 
T58C Tip F GCATTTACGTCTGCCGAGTATCAGAG 
XhoI-Tip1-R ATTAATACTCGAGAGACTGCCGAGTCACC 
NdeI-CutA-F GGAATTCCATATGATAATAGTTTACACGACT
TTTCCGG 
HindIII-CutA-R GGAATTCAAGCTTCTTTTTTCGTCTCTTCAAT
TAACCATTT 
HindIII-[C10]-F TATTAAAAGCTTATCGCGATCCGATGGGT 
SnaBI-[C10]-R TAATTATACGTACGGCATGCGGGC 
L-NheI-CutA-F GAGGCGGAGGGAGCGGAGGCGGAGGGAGCG
CTAGCATAATAGTTTACACGACTTTTCCGG 
XhoI-CutA-R TAAAATCTCGAGTTTTTTCGTCTCTTCAATTA
ACCATTT 
SH3lig-L-F CGCCGGCGCTGCCGCCGAAACGTCGTCGCGG
AGGCGGAGGGAGCGG 
SnaBI-SH3lig-F TGCCGTACGTA 
GGATCCCCGCCGCCGGCGCTGCC 
NheI-Tip1lig-XhoI CTAGCCAGCTGGCGTGGTTTGATACCGATCT
GTGATAAC 
XhoI-Tip1lig-NheI TCGAGTTATCACAGATCGGTATCAAACCACG
CCAGCTGG 
Tiplig D778C top CTAGCCAGCTGGCGTGGTTTTGCACCGATCT
GTGATAAC 
Tiplig D778C 
bottom 
TCGAGTTATCACAGATCGGTGCAAAACCACG
CCAGCTGG 
Slac-F ATAAGCTAGCATGGACAGGCGAGGC 
Slac-R CATTCTCGAGGTGCTCGTGTTCGTG 
NdeI-Tip1-F 
GCATACATATGGTAGTGCAAAGAGTTGAAAT
TCATAAGTT 
XhoI-Tip1-R ATTAATACTCGAGAGACTGCCGAGTCACC 
NdeI-GFP-N GTGGATATACATATGGTGAGCAAGGGCGAGG 
HindIII-GFP-R 
ATTTATAAGCTTCTAACTCGTCCATGCCGAGA
GTG 
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To construct CutA-Tip1lig, the CutA gene was amplified from pET30-CutA-Tip1 
(192) using primers NdeI-CutA-F/HindIII-CutA-R, the S fragment [(AG)3PEG]10 was 
amplified from pQE9AC10Atrp (139) (a gift from Prof. David Tirrell, California Institute 
of Technology) using primers HindIII-[C10]-F/SnaBI-[C10]-R, and inserted into pET26-
ISceI (214) between NdeI and HindIII sites, and between HindIII and SnaBI sites, 
respectively to generate CutA-S; then, the CutA gene was amplified from pET30-CutA-
Tip1 (192) with primers L-NheI-CutA-F/XhoI-CutA-R, SH3lig was then added to the N-
terminus of CutA with another forward primer SH3lig-L-F, and a SnaBI site was further 
added at N-terminus with another forward primer SnaBI-SH3lig-F to introduce this 
SH3lig-CutA into CutA-S between SnaBI and XhoI sites to generate CutA-S-SH3lig-
CutA; finally, this fragment was removed by NdeI and XhoI digestion and cloned into 
pET-15b (Novagen) at the same sites to introduce an N-terminal 6His-tag, and Tip1lig 
was annealed with primers NheI-Tip1lig-XhoI/XhoI-Tip1lig-NheI and inserted between 
NheI and XhoI sites to replace the C-terminal CutA with Tip1lig. CutA-dsTip1lig was 
generated by site-directed mutagenesis using primers Tiplig D778C top/Tiplig D778C 
bottom annealed and inserted into CutA-Tip1lig between NheI and XhoI sites to replace 
Tip1lig with dsTip1lig. 
To construct dsTip1 and Tip1, the mutant dsTip1 and wild-type genes were 
amplified from CutA-Tip1 and CutA-dsTip1 respectively with primers NdeI-Tip1-F and 
XhoI-Tip1-R and inserted into pET26-ISceI (214) between NdeI and XhoI sites. To 
create GFP-Tip1lig we digested plasmid CBD-N with NdeI and HindIII and inserted GFP 
amplified with NdeI-GFP-N and HindIII-GFP-R into the plasmid backbone to generate 
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GFP-N (not used in these studies). Next, we digested GFP-N with NheI and XhoI and 
inserted the product of the hybridized primers NheI-Tip1lig-XhoI and XhoI-Tip1lig-R. 
The mutant GFP-dsTip1lig was generated by inserting the product of the hybridized 
primers Tip1lig D778C top and Tip1lig D778C bottom into the backbone of the plasmid 
GFP-N digested with NheI and XhoI.   
 
4.3.3 Protein expression and purification  
E. coli BL21(DE3) was transformed with expression plasmid and plated on a 
Luria-Bertani (LB) agar plate containing either 50 μg/ml kanamycin (Construct 1, 3, 5-7) 
or 100 μg/ml ampicillin (Construct 2, 4, 8). The next day, all the colonies (50~100) from 
a plate were pooled, resuspended in 5 mL LB broth and transferred to 1 L LB broth 
containing the specific antibiotic. The cells were incubated at 37 ºC with shaking at 250 
rpm to an optical absorbance (OD600) of 0.6-0.9. For constructs 2 and 4, protein 
expression was induced by the addition of isopropyl β-D-1-thiogalactopyranoside 
(IPTG, 1 mM) followed by incubation at 37 °C for 4 hours. For all the other protein 
expressions, the cell cultures were cooled to 18 °C prior to the addition of 1 mM IPTG, 
and followed by overnight incubation (~16 hours) at 18 °C. After expression cells were 
harvested by centrifugation at 8000 x g and 4 °C for 15 minutes and the cell pellets were 
stored at -80 °C until use. 
For protein purification, cell pellets were resuspended in Buffer A (500 mM 
NaCl, 10 mM Tris-HCl, pH 8.0, 1 g wet pellet in 10 mL), and disrupted by sonication 
(QSonica Misonix 200, Amp 40, with 1 second pulse and 5 seconds pause for 2 minutes 
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total pulse). Whole cell lysate was centrifuged at 16,000 x g for 20 minutes at 4 °C. 
Target protein in the soluble lysate was purified by nickel affinity chromatography using 
a 5-ml Ni Sepharose™ High Performance HisTrap column (GE Healthcare Life 
Sciences, Piscataway, NJ). After equilibration with Buffer A and protein loading, the 
column was thoroughly washed with Buffer A containing 22.5 mM imidazole and the 
target protein was eluted in Buffer A containing 150 mM imidazole. For the purification 
of CutA-Tip1/dsTip1 (constructs 1 and 3), 2.5 mM EDTA was immediately added to the 
eluted protein to minimize heavy metal-induced protein precipitation (186). To remove 
imidazole from the protein samples, purified proteins were buffer-exchanged into Buffer 
A via 30-kDa ultra-filtration spin columns (Amicon Ultra, Millipore, Billerica, MA), as 
appropriate, concentrated to ~100 mg/ml using the same column and stored at -80 °C 
until use. The concentrations of purified proteins were determined by measuring the 
absorbance at 280 nm using a NanoDrop 1000 (Thermo Fisher Scientific). Proteins were 
stored at -80 °C until use. For sodium dodecyl sulfate(SDS)-polyacrylamide gel 
electrophoresis (PAGE) analysis, appropriately diluted protein samples were mixed with 
2X SDS sample buffer (0.5 M Tris-HCl, pH 6.8, 20% glycerol, 10% w/v SDS, 0.1% w/v 
bromophenol blue) that included β-mercaptoethanol (2% final) in the case of reducing 
conditions, and the samples were incubated at 95 °C for 5 minutes prior to loading. The 
gels were stained with Coomassie brilliant blue R250 for visualization. 
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4.3.4 Hydrogel synthesis  
The purified hydrogel building blocks CutA-dsTip1 (construct 3) and CutA-dsTip1lig 
(construct 4) were manually mixed with a pipette tip at 1:1 molar ratio at the specified 
concentration in Buffer B (500 mM NaCl, 10 mM Tris-HCl, pH 8.0, 0.1% w/v NaN3) 
and the mixture was briefly centrifuged to remove trapped air bubbles prior to incubation 
at room temperature for 14-20 hours. Hydrogels form during incubation. 
 
4.3.5 Characterization of interaction between dsTip1 and dsTip1lig  
dsTip1 (construct 7) and GFP-dsTip1lig (construct 8) were mixed at 1:1 molar 
ratio (0.2 mM each) in Buffer A supplemented with 2 mM dithiothreitol (DTT) in a 1.5 
mL centrifuge tube. The tube was incubated at 22 °C in a humidified chamber to 
facilitate DTT evaporation. Samples were taken at different times, mixed with 2X SDS 
loading buffer in the presence (reducing) or absence (non-reducing) of β-
mercaptoethanol and incubated at 95 °C for 5 minutes. Samples were directly loaded 
onto a 12% SDS-PAGE gel (non-reducing) or incubated for an additional 3 minutes at 
95 °C in the presence of 2% β-mercaptoethanol (reducing). The gels were stained with 
Coomassie brilliant blue R250 for visualization. 
 
4.3.6 Hydrogel solution-stability, pore size, and rheological characterization  
These experiments were performed essentially as described previously in Chapter 
III with the following modifications: the amount of protein present in the suspension 
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buffer used for the solution-stability study was determined by absorbance at 280 nm 
using a NanoDrop 1000 (Thermo Fisher Scientific). 
Rheological characterization was carried out on a Paar-Physica MCR-300 (Anton 
Paar, Ashland, VA) parallel plate rheometer with a 25 mm plate fixture (PP25). Purified 
CutA-dsTip1 and CutA-dsTip1 were manually mixed on top of the rheometer plate by 
pipetting up and down. The final mixture contained 1.9 mM of each protein in 200 µL 
Buffer B. The measuring gap was set at 0.2 mm. The rheometer plate fixture was 
positioned in a humid chamber and mineral oil was added to the outer edge of the fixture 
to minimize evaporation. The sample on the plate fixture was incubated at room 
temperature overnight using settings of 1 rad/sec and 1% strain. The next day, strain 
sweeps and frequency sweeps were performed at 10 rad/sec frequency and 10% strain 
amplitude, respectively. The large-amplitude oscillatory shear (LAOS) experiment was 
performed at 10 rad/sec frequency. 
 
4.4 Results and discussion 
4.4.1 Self-assembling protein hydrogel design  
The initial building blocks (before the incorporation of disulfide-forming 
functionality) of our self-assembling hydrogel are two protein block copolymers CutA-
Tip1 and CutA-Tip1lig (Fig. 4.1, Table 4.1). CutA, a small trimeric protein (12 kDa) from 
Pyrococcus horikoshii (186), was chosen as the crosslinking protein due to its extremely 
high stability. CutA exhibits a denaturation temperature of nearly 150 °C and is able to 
retain stable trimeric structure on SDS-PAGE even after exposure to 0.1% SDS and 
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boiling for more than 1 hour (187, 188). The tax-interacting protein-1 (Tip1) and its 
peptide ligand (Tip1lig, QLAWFDTDL) (215) were used to reconstitute a self-
assembling polypeptide unit by connecting CutA cross-linkers located on the two 
different building blocks. A non-structural hydrophilic linker, S fragment 
([(AlaGly)3ProGluGly]10), was inserted between CutA and Tiplig to facilitate water 
retention
  
(Table 4.1) (116, 216). To enable target protein immobilization, we inserted 
the small peptide SH3lig (PPPALPPKRRR) between the S fragment and Tip1lig as the 
DSP. SH3lig exhibits high affinity toward the Src homology 3 domain (SH3) protein 
(217) and thus mediates the immobilization of SH3-tagged target proteins. 
The proteins CutA-Tip1 and CutA-Tip1lig were purified from E. coli lysate. 
Mixing of these proteins at concentrations >2 mM leads to the formation of a jelly-like 
material that weakly adheres to the containment vessel after inversion (144). However, 
this material is completely solubilized within 1 hour when suspended in Buffer B. 
Previously we successfully prepared a stable protein hydrogel using CutA as the cross-
linker (213), in which different cross-linker units were covalently linked by protein 
trans-splicing reactions. Thus, the low solution-stability of the CutA-Tip1/CutA-Tip1lig 
material was attributed to the weak affinity between the wild-type Tip1 and Tip1lig (Kd 
~0.19 µM) (215), making the material prone to intermolecular domain swapping (189).  
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Figure 4.1 Schematic of dsTip1 hydrogel formation. Mediated by the interaction 
between two protein building blocks, each containing the trimeric cross-linker 
CutA and one member of the protein-ligand interaction pair Tip1/Tip1lig. 
 
 
4.4.2 Rational design of a disulfide bond between Tip1 and Tip1lig  
Disulfide bonds can conditionally form between cysteine residues on proteins 
under non-reducing conditions, providing a convenient way to seal a linkage between a 
cargo protein and carrier protein. Previously, Miyagi et al. reversibly conjugated a δPKC 
inhibitor peptide to a cell penetration peptide TAT via disulfide linkage to enable the 
delivery of δPKC into mice (218). Upon delivery to the reducing environment of the 
cytosol, the disulfide linkage breaks, releasing free δPKC.  
+
CutA-Tip1 trimer CutA-Tip1lig trimer
- CutA monomer
- PDZ domain-containing Tip1
- PDZ domain-recognizing peptide Tip1lig
- Non-structural linker S
- Docking station peptide SH3lig
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Figure 4.2 Crystal structure of Tip1-Tip1lig (pdb code: 3IDW). A) Representation 
of wild-type Tip1-Tip1lig interaction. Tip1 is shown in purple surface mode. 
Residues in Tip1 that are within 5 Å of Tip1lig (green) are shown in pink color. Tiplig 
is show in green licorice mode. Residues T58 and D778 are shown in element colors. 
B) Representation of dsTip1 and dsTip1lig interaction containing the substitutions 
T58C and D778C.  
 
 
 
To increase the solution-stability of the self-assembled CutA-Tip1/CutA-Tip1lig 
material, we sought to convert the non-covalent Tip1-Tip1lig interaction to a covalent 
disulfide bond through the introduction of a pair of cysteine substitutions, one in the 
Tip1 binding pocket and one in Tip1lig. The crystal structure of the Tip1 protein in 
complex with the Tip1lig, (PDB 3IDW) (215) reveals that the Tip1lig interacts with Tip1 
through a combination of hydrophobic interactions and hydrogen bonds. Particularly, the 
oxygen (OD2) of D778 is within hydrogen bonding distance of the hydrogen (HG1) of 
T58 (Fig. 4.2A). We hypothesized that substituting both these residues with cysteines 
will facilitate disulfide bond formation (Fig. 4.2B) between the protein-peptide ligand 
A B
D778 T58
C778 C58
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pair. Tip1 (T58C) and Tip1lig (D778C) are referred as dsTip1 and dsTip1lig, respectively, 
in this paper. 
To confirm the formation of disulfide bonds in vitro, we fused dsTip1lig to the C-
terminus of GFP to form GFP-dsTip1lig (construct 8, Table 4.1). dsTip1 was expressed 
by itself with a 6x histidine tag at the C-terminus (construct 7). dsTip1 and GFP-
dsTip1lig were mixed in the presence of dithiothreitol (DTT, 2 mM) in an open container. 
We anticipated that, as DTT evaporates over time, intermolecular disulfide bonds 
between dsTip1 and dsTip1lig should form gradually. Samples taken at different times 
were boiled in sample buffer either containing or lacking the reducing agent -
mercaptoethanol and analyzed via SDS-PAGE (Fig. 4.3). A band corresponding to the 
combined molecular weight of dsTip1 and GFP-dsTip1lig (41.4 kDa) appeared only on 
the gel loaded with samples prepared under non-reducing conditions. The emergence of 
this band coincided with the disappearance of the monomers GFP-dsTip1lig and dsTip1 
on the same gel, suggesting that this band corresponds to the disulfide-linked complex of 
GFP-dsTip1lig and dsTip1. Additional bands of higher molecular weight also appeared 
on the non-reducing gel, likely indicating homodimers and/or multimers mediated by 
inter-cysteine disulfide linkage. No new bands or changes in band intensity were 
observed in the reducing gel. These results confirm that the engineered dsTip1 
covalently attaches to its ligand dsTip1lig via a disulfide bond.  
 
 66 
 
 
Figure 4.3 dsTip1 forms a disulfide bond with dsTip1lig. A mixture containing 
dsTip1 (12.6 kDa), GFP-dsTip1lig (28.8 kDa) and 2 mM DTT were analyzed at 
different times after initial mixing using SDS-PAGE conducted under non-reducing 
(A) and reducing (B) conditions. The DTT in the original mixture evaporates over 
time, simulating oxidizing conditions. The black triangle indicates the band 
corresponding to the disulfide-mediated complex of dsTip1:GFP-dsTip1lig (41.4 
kDa). A band close to twice the molecular weight of GFP-dsTip1lig is also observed 
(57.6 kDa). Higher molecular weight bands observed on non-reducing gel were not 
identified.  
 
 
 
4.4.3 Hydrogel stability characterization  
The wild-type Tip1 and Tip1lig in the hydrogel building block were replaced with dsTip1 
and dsTip1lig to form CutA-dsTip1 and CutA-dsTip1lig (constructs 3 and 4, Table 4.1). 
Both CutA-dsTip1 and CutA-dsTip1lig can be conveniently purified by one-step 
immobilized ion metal affinity chromatography (IMAC). Most of the purified CutA-
dsTip1 and CutA-dsTip1lig exist as higher molecular weight multimers (Fig. 4.4A), with 
only a small fraction existing as monomer. This result is consistent with the observation 
that CutA retains trimeric structure during SDS-PAGE analysis even after boiling (186). 
Unlike CutA-dsTip1, which shows a single trimer band in the SDS-PAGE analysis, 
multiple high molecular weight bands coexist on the gel for CutA-dsTip1lig. The 
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appearance of these multiple bands could be due to the presence of the non-structured S-
fragment, which can cause associated proteins to migrate variably on SDS-PAGE gels. 
 
 
 
Figure 4.4 Characterization of 1.3 mM dsTip1 hydrogel. (A) SDS-PAGE analysis 
(12% acrylamide) of purified CutA-dsTip1 and CutA-dsTip1lig. “+” denotes 
unidentified proteins. (B) Formation of jelly-like material in the presence and 
absence of DTT. The material formed in the absence of DTT appeared to more 
strongly adhere to the bottom of glass vial after inversion.  
 
 
 
For hydrogel formation, purified CutA-dsTip1 and CutA-dsTip1lig were manually 
mixed at 1:1 molar ratio (1.3 mM each) using a pipet tip in Buffer B (500 mM NaCl, 10 
mM Tris-HCl, pH 8.0, 0.1% w/v NaN3) either lacking or containing the reducing agent 
DTT. The vials were subsequently sealed. A highly viscous material immediately 
formed under both conditions. Both materials appeared to only weakly adhere to the 
bottom of the glass vial upon inversion, analogous to the observation with the hydrogel 
composed of wild-type Tip1 and Tip1lig. These hydrogels were then incubated at room 
temperature for 20 hours and the vial test was repeated. At the later time point, the 
material formed in the absence of DTT appeared to more firmly adhere to the bottom of 
1.3 mM Tip1* hydrogel 
+             - DTTkDa
116
62.2
45
35
25
monomer
Multimer
+
+
A                                    B
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the vial upon inversion, while the material formed in the presence of DTT still appeared 
relatively fluid (Fig. 4.4B). This result indicates that the hydrogel formed in the absence 
of DTT grew stronger over time likely due to the increased formation of disulfide bonds 
between dsTip1 and dsTip1lig. For convenience, we refer to the material formed in the 
absence of DTT as dsTip1 hydrogel. 
Unlike the material containing wild-type Tip1 and Tip1lig, which is completely 
solubilized within 1 hour after immersion in buffer, the dsTip1 hydrogel is highly stable. 
After being immersed in buffer for one month at temperatures up to 50 °C, only 31% of 
the total protein was lost by erosion (Fig. 4.5A). The high solution-stability of the 
hydrogel is attributed to the use of the hyper-thermostable CutA trimer as the cross-
linker and the use of a covalent (disulfide) linkage to bridge the two hydrogel building 
blocks. To our knowledge, this dsTip1 hydrogel is one of the most stable artificial 
protein hydrogels engineered to date (119, 189). 
The stability of the dsTip1 hydrogel is not affected by acidic pH but is 
significantly weakened by basic pH (Fig. 4.5B). This phenomenon is likely caused by 
hydrolysis of disulfide bonds under alkaline conditions (219, 220), further underscoring 
the contribution of disulfide bonds to hydrogel stability. A dsTip1 hydrogel with as low 
as 1.3 mM of each building block (6.7% w/v total protein) displayed a slightly increased 
rate of erosion compared to the same hydrogel with 2.2 mM of each building block 
(11.3% w/v total protein) (Fig. 4.5C). Hydrogel with even lower building block 
concentrations could potentially be prepared but were not tested in this study. 
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Figure 4.5 Solution stability of dsTip1 hydrogel. (A) Erosion profiles of hydrogels 
(1.9 mM) at different temperatures in pH 8 buffer. (B) Erosion profiles of hydrogels 
(1.9 mM) at different pHs at 22ºC. (C) Erosion profiles of hydrogels containing 
different protein concentrations in pH 8 buffer at 22ºC.  
 
 
 
4.4.4 Rheological characterization of the dsTip1 hydrogel  
The plateau storage modulus (G’∞) for a dsTip1 hydrogel containing 1.9 mM of 
each building block is 262 ± 54 Pa, 15-fold greater than the plateau loss modulus (G”∞) 
for the same gel (17 ± 1 Pa) (Fig. 4.6A), consistent with gel-like materials. The G’∞ 
value reflects the cross-linker density and strength. Hydrogels with higher G’∞ value can 
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potentially be obtained by increasing the building block concentration and/or using 
cross-linker proteins with a higher order of multimerization. 
To evaluate the ability of dsTip1 hydrogel (1.9 mM) to re-form after shear-
induced thinning, we conducted a large-amplitude oscillatory shear (LAOS) experiment. 
Although a permanent loss of storages modulus G’ (~15%) occurred after the first cycle, 
no further decrease in G’ was observed in subsequent LAOS cycles (Fig. 4.6B). 
Hydrogel thinning is attributed to the dissociation of CutA trimer into monomers under 
shear stress. Upon cessation of stress, disengaged monomers can rapidly re-associate to 
form new trimeric cross-linkers, restoring the hydrogel to full strength. The ability of the 
dsTip1 hydrogel to regain mechanical strength points to its suitability for applications 
that require injection, including controlled drug delivery and tissue engineering (146, 
197).  
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Figure 4.6 Rheological characterization of a 1.9 mM dsTip1 hydrogel. (A) Angular 
frequency sweep at 10% strain. (B) Strain sweep at 10 rad/sec. (C) Large-
amplitude oscillatory shear cycles at 10 rad/sec.  
 
 
4.5 Discussion 
We demonstrated the synthesis of a disulfide-reinforced protein hydrogel that 
self-assembles upon mixing of two liquid-phase building blocks. Specifically, mixing of 
the two components reconstitutes a single self-assembling polypeptide unit via a Tip1 
protein-ligand interaction that is reinforced by an engineered disulfide linkage. The use 
of a universal docking-station-peptide/docking-protein (DSP/DP) pair enables 
convenient incorporation of globular proteins in a “plug and play” fashion without 
changing the molecular architecture of the hydrogel backbone. This hydrogel retains its 
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integrity under a wide variety of conditions and does not require extraneous chemicals or 
alterations in pH/temperature/ionic strength to induce the gelation process, making this 
hydrogel especially suitable for tissue engineering as live cells can be conveniently 
encapsulated without any environmental triggers (129). The hydrogel can easily be 
functionalized with proteins by using the docking station peptide: docking protein 
method introduced in Chapter III. For example, growth hormones can potentially be 
incorporated to generate bioactive scaffolds for tissue engineering, and enzymes can be 
incorporated to create solid-phase biocatalysts for industrial biosynthesis. With the use 
of multiple orthogonal docking station peptide: docking protein pairs, it is conceivable 
that an entire metabolic pathway can be synthesized on the hydrogel for in vitro pathway 
construction (221, 222). Finally, we anticipate that the physical properties of the 
hydrogel can be further tailored through the employment of linkers with varying 
structural rigidities and cross-linker proteins with different multimeric states (189), 
paving the way for the development of even more sophisticated hydrogels. 
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CHAPTER V                                                                                                 
ENGINEERING SPLIT INTEIN DNAE FROM NOSTOC PUNCTIFORME FOR 
RAPID PROTEIN PURIFICATION
*‡
 
 
5.1 Overview 
We report the engineering of a DnaE intein able to catalyze rapid C-terminal 
cleavage in the absence of N-terminal cleavage. A single mutation in DnaE intein from 
Nostoc punctiforme PCC73102 (Npu DnaE), Asp118Gly, was introduced based on 
sequence alignment with a previously engineered C-terminal cleaving intein mini-
MtuRecA. This mutation was able to both suppress N-terminal cleavage and 
significantly elevate C-terminal cleavage efficiency. Molecular modeling suggests that 
in Npu DnaE Asp118 forms a hydrogen bond with the penultimate Asn, preventing its 
spontaneous cyclization prior to N-terminal cleavage. Mutation of Asp118 to Gly 
essentially abolishes this restriction leading to subsequent C-terminal cleavage in the 
absence of N-terminal cleavage. The Gly118 Npu DnaE mutant exhibits rapid thio-
dependent C-terminal cleavage kinetics with 80% completion within 3 hours at room 
temperature. We used this newly engineered intein to develop both column-free and 
chromatography-based protein purification methods utilizing the elastin-like-peptide and 
chitin-binding protein as removable purification tags, respectively. We demonstrate 
                                                 
*
 Reprinted with permission from “Engineering split intein DnaE from Nostoc punctiforme for rapid 
protein purification” by Miguel Ramirez, Najla Valdes, Dongli Guan, and Zhilei Chen, 2013, Protein 
Engineering Design & Selection, Copyright 2013,  Oxford University Press, doi:10.1093/protein/gzs097. 
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rapid target protein purification to electrophoretic purity at yields up to 84 mg per liter of 
E. coli culture. 
 
5.2 Introduction 
Affinity tags have greatly simplified the purification of recombinant proteins and 
are invaluable to modern biotechnology. However, the additional time and the high cost 
associated with proteases needed for tag removal have greatly hampered the usefulness 
of affinity tags in large-scale industrial processes. Many protease-free protein 
purification processes have been developed using inteins engineered to undergo N-/C-
terminal cleavage reaction in acidic (pH 6) (46, 47)  or reducing environments (49, 105, 
223, 224). However, all pH-dependent inteins retain significant activity at neutral pH 
(47, 105) and the intracellular environment is naturally reducing.   Thus, unless a slow-
acting intein is used, target protein expression conditions often need to be optimized to 
minimize in vivo intein cleavage. In some cases, even after optimization of expression 
conditions, premature protein cleavage still significantly impacts target protein yields 
(53, 225).  
One solution to prevent in vivo target protein cleavage is to use split inteins whose 
catalytic residues are split between two peptide chains: the N-terminal intein (IN) and the 
C-terminal intein (IC). Split inteins are only active when the two fragments are 
associated. Two protein purification systems using artificially split DnaB intein from 
Synethocystis sp (Ssp) have recently been developed. Volkmann et al. used the 
artificially split S1 DnaB intein consisting of an 11-aa N-intein (IN) and a 144-aa C-
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intein (IC) (54). The target protein is fused to IC and tag-removal is achieved by the 
addition of the IN peptide. Since there is no N-extein present, wild-type catalytic residues 
are maintained. To achieve sufficient cleavage, a 40 to 1 molar ratio of IN to peptide to IC 
fused target protein is needed. Despite the small size of IN, peptide synthesis is costly, 
prohibiting the application of this system in large-scale processes. Lu et al. developed a 
similar affinity-based purification system using the same Ssp DnaB intein with a 
different split junction (55). In this system, mutations of the appropriate catalytic residue 
at the N- and C-terminal are employed to achieve C- and N-terminal cleavage, 
respectively. However, despite the relatively rapid reaction rate of wild-type Ssp DnaB 
(Table 5.1), the mutant intein suffers reduced kinetics and requires extended incubation 
time (16 hours) at room temperature to achieve sufficient C-terminal cleavage. The long 
incubation times limit the usefulness of this system. 
Moreover, artificially split inteins suffer from two major limitations: they are 
often less active than their continuous counterparts due in part to a lower affinity 
between the split fragments (226), and have a high tendency to form aggregates when 
expressed alone (50). Naturally split inteins such as DnaE from Ssp and Npu, on the 
other hand, are highly active, soluble and exhibit very high affinity between the two split 
fragments (107, 114, 185, 227). Unfortunately, despite these desirable traits, neither of 
the two naturally split DnaE inteins have been used for protein purification. The highly 
exposed hydrophobic surface on IN of DnaE (102 and 123 aa for DnaE from Npu and 
Ssp, respectively) tends to interfere with the folding of N-extein, causing some fusion 
proteins to miss-fold and form insoluble aggregates and limiting the use of the N-
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fragment as a general purification tag. On the other hand, despite its small size (36 aa for 
both Npu and Ssp) and no apparent interference with target protein solubility, the C-
fragment of DnaE is also not suitable as a purification tag due to the tightly coupled C- 
and N-terminal cleavage reactions. In naturally split DnaE inteins, the C-terminal 
cleavage can only happen after the N-terminal cleavage, and mutation of the first Cys to 
Ala, which normally prevents N-terminal cleavage without interfering C-terminal 
cleavage activity, also abolishes the C-terminal cleavage (34, 185). 
 
 
Table 5.1 Reported apparent half-lives of various continuous and split inteins  
 
Trans-splicing  N, C- Cleavage 
Intein T (˚C) t1/2 Ref. N/C T(˚C) t1/2 Ref. 
Npu DnaE 37 63s (185) 
N n. r. -- -- 
C 37 16 min this work 
Ssp DnaE 
23 175 min (185) N 23 11.5 min
a
 (34) 
37 35 min (185) C 23 60.8 min
a,b
 (34) 
SceVma
c
 25 6 min (185) 
N 23 6 min (228) 
C 23 2-6hr (45) 
Split Ssp 
DnaB 
25 12 min (185) 
N RT 57.8 min
a
 (54) 
C RT 39.4 min
a
 (54) 
MtuRecA
c
 30 
60-120 
min 
 N n. r. -- -- 
(105) C 37 <1hr (229) 
gp41-1 45 3.8 s (21) 
N 
C 
n. r.  
(21) 
37 5 min 
gp41-8 37 15 s (21) 
N 
C 
n. r.  
(21) 
37 150 min 
NrdJ-1 37 7 s (21) 
N 
C 
n. r.  
(21) 
37 48 min 
IMPDH-1 37 8 s (21) 
N n. r.  
(21) 
C 37 15 min 
a
 Half-life for Ssp DnaE and split Ssp DnaB calculated from pseudo first order kobs    
b
 Ssp DnaE C-terminal cleavage rate after N-terminal cleavage 
c
 Continuous intein 
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In this work, we engineered Npu DnaE (termed Npu*) to undergo C-terminal 
cleavage without N-terminal cleavage by introducing a single mutation, Asp118, based 
on the sequence alignment to mini-MtuRecA intein (46). Npu* achieves ~80% C-
terminal cleavage yield within 3 hours of reaction at 22 ˚C. In comparison, to achieve a 
similar extent of C-terminal cleavage, it takes ~16 hours at 23 ˚C for the IMPACT 
system (New England Biolabs) employing SceVma1 and Ssp DnaB intein (IMPACT 
Manual) (45, 228). Using Npu*, we further developed two protein purification methods 
and purified multiple target proteins to electrophoretic purity at high yields (up to 84 mg 
per liter of E. coli culture) within a short time (<4 hours), demonstrating the usefulness 
of these technologies and their potential for large-scale industrial protein purification. 
 
5.3 Material and methods 
5.3.1 Chemicals and strains 
All chemicals were reagent grade and purchased from Sigma-Aldrich (St. Louis, 
MO) or VWR International (Radnor, PA), unless otherwise stated. E. coli DH5α 
(Invitrogen, Grand Island, NY) was used for recombinant DNA cloning and 
manipulation. E. coli BLR(DE3) (Novagen, Madison, WI) was used for the expression 
of recombinant protein. Ortho-Nitrophenyl-β-galactoside (ONPG) was purchased from 
Research Products International Corp. (Mount Prospect, IL). Chitin beads were 
purchased from New England Biolabs (Ipswich, MA). 
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5.3.2 Plasmid construction  
To generate C-GFP (Construct 1), the NpuC gene was amplified from plasmid 
KanR-IntRBS-NpuNC-CFN (77) (gift from Prof. Tom Muir, Rockefeller University) 
using primers NpuC-F-NdeI and OXP-NC-G-Rev, joined to the N-terminal of GFP 
pet26-GFP  with primers OXP-GFP-NC-FWD and XhoI-GFP-R by overlap extension 
PCR and cloned into pET-26b(+) (Novagen, Madison, WI) between NdeI and XhoI 
sites. Mutation D118G was introduced via site directed mutagenesis to generate C*-GFP 
(3) with the primers NpuCD17G-F and NpuCD17G-R. 
To generate CBD-N, NpuN was also amplified from plasmid KanR-IntRBS-
NpuNC-CFN (77)  (gift from Prof. Tom Muir, Rockefeller University) using primers 
HindIII-Link-Npu F and NpuN-R-XhoI, joined to the chitin binding domain (CBD), 
amplified from pTWIN1 (New England Biolabs) with primers NdeI-CBD-F and 
HindIII-CBD-R via overlap extension PCR, and inserted into the pET-26b(+) (Novagen, 
Madison, WI) between NdeI and XhoI sites. CBD-NC1A was generated by site directed 
mutagenesis using primers NheI-C1A-F and NpuN-R-XhoI.  
ELP-N was constructed by inserting NpuN (aa 1-102) into plasmid pET-EI:MBP 
(52) (containing ELP, gift from Prof. David Wood, Ohio State University) between the 
EcoRI and HindIII sites. N was amplified first using primers HindIII-Link-Npu-F and 
HindIII-6H-NupN-R, then amplified again with primers EcorI-Linker-NpuN-F and 
HindIII-6H-NupN-R to include the restriction sites and flexible linker. 
C*-DsRed was cloned into pET-26b(+) (Novagen, Madison, WI) between NdeI 
and XhoI sites. C* was amplified with primers NpuC-F-NdeI and NheI-NpuC CFN-R 
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from C*-GFP.  DsRed was amplified from pTY24 plasmid (NCRR, YRS, Seattle, WA) 
with primers HindII-L-DsRed-fwd and XhoI-DsRed-R. The product was linked to C* by 
digestion with NheI enzyme resulting in a short linker peptide CFNAS. Aside from the 
canonical CFN sequence, the “AS” dipeptide corresponds to NheI restriction site and 
was included to facilitate subsequent cloning.  
To clone C*-PTDH, The phosphate dehydrogenase “PTDH” was amplified from 
plasmid PTDH 12xA176R-pet15b (230) (gift from Prof. Huimin Zhao, University of 
Illinois) with primers NheI-PTDH-F and XhoI-PTDH12x-R and inserted into C*-DsRed 
digested with NheI and XhoI. Plasmid constructs C*-β-Gal, C*-CAT and C*-MBP were 
synthesized in the same way by insertion between NheI and XhoI sites with the 
appropriate primers. The β-galactosidase gene was amplified from plasmid pET-E-I: β-
galactosidase (52) (gift from Prof. David Wood). Similarly, chloramphenicol acetyl 
transferase (CAT) and maltose binding protein (MBP) genes were amplified from 
plasmid pET-E-I:CAT (52) and pET-E-MBP (52), respectively. All constructs are listed 
in Table 5.2. Primer sequences used during the cloning of the constructs can be found in 
Table 5.3. 
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Table 5.2 Protein constructs for NpuC engineering  
 
Construct Short Name Protein sequence 
Molecular 
Weight (kDa) 
1 C-GFP NpuC-CFN-GFP-HHHHHH 32.1 
2 CBD-N ChBD-2x(GGGGS)-NpuN-HHHHHH 20.5 
3 C*-GFP NpuC D118G-CFN-GFP-HHHHHH 32.0 
4 ChBD-NC1A 
ChBD-2x(GGGGS)-NpuN C1A-
HHHHHH 
20.5 
5 ELP-N ELP-2x(GGGGS)-NpuN-HHHHHH 59.8 
6 C*-PTDH 
NpuC D118G-CFNAS-PTDH-
HHHHHH 
42.2 
7 C*-DsRed 
NpuC D118G-CFNAS-DsRed-
HHHHHH 
31.3 
8 C*-β_Gal 
NpuC D118G-CFNAS-β_Gal-
HHHHHH 
122.1 
9 C*-CAT 
NpuC D118G-CFNAS-CAT-
HHHHHH 
31.3 
10 C*-MBP 
NpuC D118G-CFNAS-MBP-
HHHHHH 
48.2 
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Table 5.3 Primers used for cloning constructs for NpuC engineering 
 
Primer 5’ to 3’ sequence 
NpuC_F_NdeI  
TTAGAAGGCATATGATCAAAATAGCCACACGTAAAT 
ATTTAGG 
OXP-NC-G-Rev 
CCTCGCCCTTGCTCACATTGAAACAATTAGAAGCTA
TGAAGCCAT 
OXP-GFP-NC-FWD 
ATAGCTTCTAATTGTTTCAATGTGAGCAAGGGCGAG
G 
XhoI_GFP_R TAAAATCTCGAGTAACTCGTCCATGCCGAGAG 
NpuCD17G-F GGCAAACAAAATGTCTATGGCATTGGAGTT 
NpuCD17G-R GTCGCGCTCAACTCCAATGCCATAGACATT 
 HindIII-Link-Npu F 
CCTGGAAGCTTGTGGAGGCGGAGGGAGCGGAGGCG
GAGGGAG 
CGCTAGCTGTTTAAGCTATGAAACGGAAATATTGAC 
NpuN_R_XhoI ATATAGCTCGAGATTCGGCAAATTATCAACCCG 
NdeI-CBD-F 
TAATTTAACATATGAAAATCGAAGAAGGTAAACTGA
CAAATCCT 
HindIII-CBD-R AAGATTAAAGCTTCTTGAAGCTGCCACAAGGCA  
NheI-C1A-F 
AATTAAGCTAGCGCCTTAAGCTATGAAACGGAAATA
TTGACA  
EcorI-Linker-NpuN 
F 
AATATGGGAATTCGGAGGCGGAGGGAGCGG 
HindIII-6H-NupN-R GTACATTAAGCTTAGCAGCCGGATCTCAGT  
NheI-NpuC CFN-R 
ATTCGCGCTAGCATTGAAACAATTAGAAGCTATGAA
GCC  
XhoI_DsRed_R TAAAATCTCGAGCAGGAACAGGTGGTGGC    
HindII-L-DsRed-
fwd 
TTCAATAAGCTTGGAGGCGGAGGGAGCGGAGGCGG
AGGGAGC 
GCTAGCGCCTCCTCCGAGGACG 
primers NheI-
PTDH-F 
ATTTAACGCTAGCATGCTGCCGAAACTCGTTATAAC
TC 
XhoI-PTDH12x-R  AGTTTAGCTCGAGGTCTGCGGCAGGATTGG  
NheI-LacZ-F ATTTCAATGCTAGCATGACCATGATTACGGATTCACT 
XhoI-LacZ-R TGATAATCTCGAGTTTTTGACACCAGACCAACTG  
NheI-CAT-F 
GTTTCAATGCTAGCATGGAGAAAAAAATCACTGGAT
ATACCACCGTTGATATAT 
XhoI-CAT-R TAATAATTAACTCGAGCGCCCCGCCCTGCCAC  
NheI-MBP-F 
GTTTCAATGCTAGCATGAAAATCGAAGAAGGTAAAC
TGGTAATCT 
XhoI-MBP-R  AAGTTATACTCGAGTCCCCTTCCCTCGATCC 
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5.3.3 Protein expression and purification 
E. coli BLR(DE3) was transformed with the appropriate expression plasmid and 
plated on an agar plate containing 5 μg/mL tetracycline and 100 μg/mL ampicillin (Table 
5.2, construct 5) or 5 μg/mL tetracycline and 50 μg/mL kanamycin (all other constructs). 
The next day, a single colony was picked and grown in 5 mL of Luria-Bertani (LB) 
broth to OD600 ~0.6. The culture was transferred to 1 L LB broth containing the same 
antibiotics and grown at 37 °C until OD600 ~0.6. Protein expression was induced at 18 °C 
for 14 hours by the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG, 0.2 mM). 
After expression, cells were harvested by centrifugation at 6000 x g at 4 °C for 15 
minutes and stored at -80 °C until use. 
For purification of CBD-N/NC1A (construct 2, 4) cell pellets were resuspended in 
Buffer A (0.5 M NaCl, 10 mM Tris-HCl, pH 8.0) at 10 mL per gram of wet pellet, and 
disrupted by sonication (QSonica Misonix 200, Amp 10, 16-20W, with 1 sec pulse 6 sec 
pause for 1 minutes). Soluble lysates were collected after centrifugation at 16,000 x g for 
20 minutes at 4 °C and passed through a 5-ml Ni-NTA column (GE Healthcare Life 
Sciences, Piscataway, NJ), washed with wash buffer (0.5 M NaCl, 10 mM Tris-HCl, 45 
mM Imidazole, pH 8) and eluted in Buffer A containing 150 mM imidazole.  
Proteins C/C*-GFP (Construct 1, 3) were purified in a similar way but with 
Buffer B (0.5M NaCl, 50 mM NaPOi, pH 6.0, 1x protease inhibitor cocktail (Roche 
Applied Science, Indianapolis, IN)) to minimize proteolytic degradation (185). Purified 
protein was buffer-exchanged into Buffer A and concentrated via 10 kDa ultra-filtration 
spin columns (Amicon Ultra, Millipore, Billerica, MA).   
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For sample purifications using Method 1, all cell pellets were resuspended in 
Buffer A. For sample purifications using Method 2, all cell pellets were resuspended in 
Column Buffer (1 M NaCl, 10 mM Tris-HCl, pH 8) to increase binding of target protein 
to chitin resin (231).  
 
5.3.4 Intein reaction kinetics characterization 
All intein characterization experiments were carried out using purified proteins 
diluted in Buffer A with the indicated amount of reducing agents at specified 
temperature. All reactions contained 20 µM of each intein fragment. Samples were taken 
at different time points after the initiation of the reaction, mixed with 2X SDS sample 
buffer (0.5 M Tris-HCl, pH 6.8, 20% Glycerol, 10% w/v SDS, 0.1 % w/v bromo-phenol 
blue, 2% β-mercaptoethanol), incubated at 95 °C for 5 minutes and analyzed using 12% 
SDS-PAGE gels, unless otherwise specified.  The gels were stained with Coomassie 
brilliant blue R250. For samples corresponding to 0 min time points, purified C/C*-GFP 
(construct 1 and 3) protein was first mixed with 2X SDS sample in the absence of β-
mercaptoethanol, and incubated at 95 °C for 3 minutes. CBD-N/NC1A (construct 2 and 4) 
and β-mercaptoethanol were then added to the mixture. The entire mixture was 
incubated at 95 °C for additional 3 minutes to inactivate the protein. Band intensities 
corresponding to reactants and products were quantified using Trace Quantity module in 
Quantity One software (Bio-Rad, Hercules, CA).  
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5.3.4 Protein purification via reversible precipitation of elastin-like-peptide  
In this study, we pre-purified ELP-N (construct 5) with one round of ammonium 
sulfate precipitation to facilitate the interpretation of SDS-PAGE gels, although this step 
was not found to improve the efficiency of protein purification. Clarified cell lysates of 
ELP-N  and C*-POI (construct 3, 6-10) were thoroughly mixed and incubated at room 
temperature for 10 min to allow association of C* and N. Ammonium sulfate (0.4 M 
final concentration) (232) was added to the mixture to induce precipitation of the ELP 
complex. The pellet containing the target protein non-covalently linked to ELP was 
resuspended in Buffer A. The intein reaction was initiated by the addition of DTT (50 
mM) and was carried out at room temperature for 3 or 20 hours. It is possible to use a 
much lower DTT concentration to induce C-terminal cleavage. At the end of the 
reaction, ammonium sulfate (0.4 M) was added to the mixture to precipitate out the ELP-
N/C* complex. This precipitant was removed by centrifugation. The supernatant 
contained the highly purified target protein. 
 
5.3.5 Protein purification via chitin resin  
A slurry of chitin beads was first incubated with lysate of CBD-N (construct 2) at 
room temperature for 10 minutes, washed extensively with Column Buffer to remove all 
contaminating proteins, and then loaded with lysate containing C*-GFP (construct 3). 
After washing, DTT (5 mM) was added to the mixture to induce C-terminal cleavage. 
The reaction was essentially complete after 3 hours of reaction at room temperature and 
purified GFP was collected in the flow-through. CBD-N (construct 2), as well as trace 
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amount of unreacted C*-GFP (construct 3) remained bound to the chitin beads. Cleaved 
C*, although not visible on SDS-PAGE gels due to its very small size (4 kDa), was 
presumed to remain on the column due to interaction with N.  
 
5.3.6 Molecular modeling 
The structures of mini-MtuRecA (pdb: 2IMZ), Npu DnaE (pdb: 2KEQ) and Ssp 
DnaE (pdb: 1ZD7) were visualized using Visual Molecular Dynamics (VMD) (233), and 
aligned using the MultiSeq module in VMD. Hydrogen bond interactions were identified 
by VMD. The NMR structure of Npu DnaE contains 20 different solution structures 
(110).  
 
5.3.7 Purified protein content quantification 
Target protein purification yield was quantified by measuring the concentration 
of purified sample using the Bradford method (Coomassie Plus Bradford Assay Reagent, 
Pierce Biotechnology, Rockford, IL). To estimate the percent recovery, soluble lysate 
and purified protein were loaded on the same SDS-PAGE stained with SimplyBlue 
SafeStain (Life Technology, Carlsbad, CA), and the band intensity corresponding to the 
target protein were measured using the Trace Quantity module in Quantity One software 
(Bio-Rad, Hercules, CA).  
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5.3.8 Pre-purification of ELP-NpuN 
Ammonium sulfate (0.4 M) was added to the soluble lysate to induce ELP-N 
phase separation. The mixture was incubated at room temperature for ~3 minutes and 
centrifuged at 14,000 x g for 10 minutes. The resulting pellet was resuspended in one 
third of the original volume of buffer A. A low intensity water-bath sonicator (Ultrasonic 
Cleaner, GB 928) was used (5 minutes) to aid the re-suspension of ELP-N. 
 
5.3.9 Sample protein activity assays 
The activity of purified PTDH was confirmed by the NBT assay as described by 
Mayer and co-workers (234). Since DTT interferes with the NBT reaction at high 
concentration, the DTT concentration in purified protein was reduced to ~5 μM by 
buffer exchange using a 30-kDa cut-off spin column (Amicon Ultra-15 Centrifugal Filter 
Unit, Millipore, Billerica, MA) before the assay. 
The activity of MBP was confirmed by binding to amylose resin (New England 
Biolabs, Ipswich, MA). Amylose beads (25 μL) were incubated with purified protein 
(500 μL) at room temperature for 10 minutes, washed twice with 500 μL buffer A and 
resuspended in 500 μL of Buffer A. Ten μL of this suspension was mixed with 10 μL of 
2X SDS loading buffer, boiled at 95 °C for three minutes and analyzed via SDS-PAGE. 
The MBP protein was visible in the amylose beads suspension but not in the wash 
buffer. 
The proteins GFP and DsRed were assayed by fluorescence measurements 
against the non-fluorescent protein CAT. Purified GFP or DsRed were diluted 2-fold and 
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transferred to a 96-well plate (150 μL/well). The fluorescence intensity was measured 
using a spectrofluorometer SpectraMax Gemini EM (Molecular Devices, Sunnyvale, 
CA) with excitation/emission wave lengths of 485/538 nm (GFP) or 544/590 nm 
(DsRed). The control protein CAT generated background values in both assays.  
β-galactosidase activity was measured by the hydrolysis of ONPG to o-
nitrophenol which absorbs at 420 nm. β-galactosidase was diluted 1000-fold in Z-buffer 
(0.06 M Na2HPO4, 0.04 M NaH2PO4, 0.01 M KCl, 0.001 M MgSO4, and 0.27 % β-
mercaptoethanol). Diluted protein (30 μL) was mixed with Z buffer (200 μL) and ONPG 
(70 μL, 4 mg/mL in 100 mM Potassium Phosphate buffer pH 7) and incubated at 22 °C 
for 15 or 30 minutes. At the end of the reaction, 500 μL stopping buffer (1 M Na2CO3) 
was added and the absorbance at 420 nm was measured in a Biomate 3 
spectrophotometer (Thermo Electron Corporation). 
To estimate the enzymatic units of β-galactosidase, the following formula was 
used: 
𝑛𝑚𝑜𝑙𝑒𝑠 𝑂𝑁𝑃𝐺 ℎ𝑦𝑑𝑟𝑜𝑙𝑖𝑧𝑒𝑑 =  
 𝑂𝐷420 ∗ (8𝑥10
5𝑛𝑎𝑛𝑜𝑙𝑖𝑡𝑒𝑟𝑠)
 4500 
𝑛𝑙
𝑛𝑚𝑜𝑙𝑒𝑠 𝑐𝑚 (1𝑐𝑚)
 
  8x10
5 
nanoliters is the volume of the reaction  
4500 M
-1
cm
-1
 is the extinction coefficient of o-nitrophenol  
1-cm is the length of the light path.  
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One unit of β-galactosidase is defined as the amount of enzyme necessary to 
hydrolyze one micromole of ONPG at 22 °C per minute. 
𝑈𝑛𝑖𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 =
 𝜇𝑚𝑜𝑙𝑒𝑠 𝑂𝑁𝑃𝐺 ℎ𝑦𝑑𝑟𝑜𝑙𝑖𝑧𝑒
𝑡𝑖𝑚𝑒
 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑈𝑛𝑖𝑡𝑠 =
𝑈𝑛𝑖𝑡 𝑛𝑢𝑚𝑏𝑒𝑟
𝑚𝑔 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑒 𝑢𝑠𝑒𝑑
 
 
 
        To estimate the sample recovery of β-galactosidase, a similar activity assay was 
carried out in a 96-well plate by diluting the purified β-galactosidase 1000-fold in Z-
buffer. Diluted protein (50 μL) was mixed with Z buffer (50 μL) and 10 µl of ONPG 
solution. Absorbance at 420 nm was measured after 20-minute incubation using a 
SpectraMax 340PC384  Absorbance Microplate Reader (Molecular Devices, Sunnyvale, 
CA). 
 
5.4 Results 
5.4.1 Npu DnaE intein activity is thio-dependent  
For the analysis of intein in vitro activity, various fusion proteins containing the 
IN or IC of Npu DnaE (N or C) were generated as illustrated in Table 5.2. For application 
as protein purification tag, it is important that the intein activity is regulated by an 
external stimulus. Although in theory, intein reaction does not require any thiol agents, 
there are a number of unpaired cysteine residues in Npu DnaE intein that could form 
intermolecular disulfide bonds and may prevent the intein reaction via redox trap 
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formation (40, 227, 235). Therefore, we first determined whether the Npu DnaE activity 
is thio-dependent. Purified CBD-N (construct 2) was mixed with C-GFP (construct 1) at 
equimolar concentrations in the absence or presence of 2 mM DTT. The trans-spliced 
product CBD-GFP was only present in reaction containing DTT, confirming that split 
Npu DnaE intein is thio-dependent (Fig. 5.1).  
 
 
Figure 5.1 The trans-splicing activity of wild type Npu DnaE intein is thio-
dependent. Reaction between CBD-N (2) and C-GFP (1) at 22 °C in the absence or 
presence of 2 mM DTT visualized on SDS-gel (12 % acrylamide). CBD-GFP is the 
trans-spliced product. GFP is the cleaved C- extein. C, N are the cleaved inteins. 
Trace amounts of the cleaved N-extein CBD are not visible from the SDS-gel due 
their low concentration, but are detectable by Western Blot (data not shown). “+” 
denotes unidentified bands.  
 
 
 
The trans-splicing reaction is near completion after 30 minutes, consistent with 
previous findings (185). Trace amounts of cleaved N and C-extein are also visible, and 
ChBD
ChBD-GFP 
C-GFP(1)
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+
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N
C
t=0   30     60    120   30     60    120 min
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1  2       3      4       5    6    7                                           
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+
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are slightly more pronounced in reactions carried out at 50 mM DTT concentration (Fig. 
5.2A). DTT can launch nucleophilic attack at the thio-ester bond of the linear or 
branched intermediate (Fig. 5.3A, step 1 and 2, respectively), resulting in N-terminal 
cleavage. In a previous study on Ssp DnaE intein, the presence of 50 mM DTT was 
found to almost completely block protein trans-splicing and shunt the reaction to N-
terminal cleavage and subsequent C-terminal cleavage (34). The limited amount of N-
terminal cleavage seen in Npu DnaE intein, even at 50 mM DTT, may be due to the 
extremely rapid trans-splicing kinetics, given that the conversion of linear/branched 
intermediates to the trans-spliced product effectively competes with the nucleophilic 
attack by DTT. 
 
 
Figure 5.2 Reaction between C-GFP and CBD-N or ChBD-NC1A at 22 °C in the 
absence or presence of 5 or 50 mM DTT. CBD-GFP is the trans-spliced product 
and GFP is the cleaved C-extein. “+”  denotes unidentified bands.  
 
 
 
Mutant N with the first Cys replaced with Ala, CBD-NC1A (construct 4), showed 
no trans-splicing activity and negligible C-terminal cleavage activity even in 50 mM 
DTT (Fig. 5.2B), consistent with previous findings that the C-terminal cleavage reaction 
GFP
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is tightly coupled to N-terminal cleavage in DnaE inteins (34, 185). This unique property 
prevents the use of the wild-type DnaE intein in C-terminal protein purification 
applications. 
 
 
 
Figure 5.3 Intein trans-splicing mechanism. (B) Products resulting from different 
intein reactions. Mutation of the last asparagine and the first cystein to alanine 
render most inteins N- and C-terminal cleaving, respectively. (C) Structural 
alignment of Npu DnaE intein (red, pdb: 2keq) with mini-MtuRecA intein (yellow, 
pdb: 2IMZ). Conserved catalytic residues for Npu DnaE and mini-MtuRecA inteins 
are highlighted in color green and orche, respectively. 
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5.4.2 Rational design of C-terminal cleaving Npu DnaE 
With a few exceptions (35), most intein splicing reactions comprise four highly 
coordinated nucleophilic replacements (Fig. 5.3A).  The first step involves an N-X acyl 
shift (X: C or S) in which the first residue of the intein, a cysteine (Cys 1) or serine, 
attacks the proceeding peptide carbonyl, forming a linear (thio) ester. In the second step, 
the first residue of the C-extein, a cystein (Cys+1), serine, or threonine, attacks the 
(thio)ester carbonyl, cleaving the N-extein and forming a branched intermediate with 
two N-termini, one belonging to the intein and the other to the N-extein. In this state, the 
exteins are joined together but are still attached to the intein C-terminal. This branched 
intermediate is then cleaved from the intein by a transamidation reaction involving the 
last asparagine residue of the intein (step 3). In the final step, the free exteins undergo a 
spontaneous X-N acyl shift, which reverts the (thio)ester to a peptide bond and forms the 
spliced protein product.  
In most inteins, the reactions at N- and C-termini are independent, such that the 
mutation of a catalytic residue that abolishes the reaction at one terminus results in a 
cleavage reaction at the other terminus (Table 5.1) (33, 45-47, 229). However, due to the 
tight coupling of N- and C-terminal cleavage reaction, the conventional method cannot 
be used to engineer a C-terminal cleaving DnaE intein (34, 185). 
Previously, Wood, et al. engineered a C-terminal cleaving intein, mini-MtuRecA, 
using directed evolution (46). A single mutation, D422G, was found to be responsible 
for the elevated C-terminal cleavage activity and suppressed N-terminal cleavage. 
Alignment of Npu DnaE and mini-MtuRecA inteins revealed high homology on the 
 93 
 
sequence level (Fig. 5.4) and even higher homology on the structural level (Fig. 5.3C). 
Most of the catalytic residues, including Asp422 (Asp118 in Npu DnaE) are conserved 
between Npu DnaE and mini-MtuRecA intein (Fig. 5.4). Thus we hypothesized that 
mutation D118G may confer similar C-terminal cleavage activity to the Npu DnaE 
intein.  
 
 
 
Figure 5.4 Sequence alignment of DnaE inteins from Ssp and Npu, and mini-
MtuRecA intein. ||: break point for I
N
 and I
C
 for DnaE intein. Active site residues 
as shown in Figure 5.3C and Figure 5.11 are highlighted in red. The Asn118 residue 
is highlighted in magenta. Numbers correspond to the Npu DnaE residue. 
 
 
 
5.4.3 Activity of Npu DnaE intein with Asp118Gly mutation 
To test the effect of the D118G mutation, the amino acid substitution was 
introduced into C-GFP via site directed mutagenesis to form C*-GFP (construct 3). 
A-Block
1        10         20        30        40        50  
Npu_DnaE CLSYETEILTVEYGLLP-IGKIVEKRIECTVYSVDNNGNIYTQPVAQWHDRGEQEVFEYC
Ssp_DnaE CLSFGTEILTVEYGPLP-IGKIVSEEINCSVYSVDPEGRVYTQAIAQWHDRGEQEVLEYE
Mini-Mtu_RecA CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLHARPVVSWFDQGTRDVIGLR
**: *.*: * * .:*. . * :. :* ::::.:..*.*:* ::*:
B-Block
60        70             80         90         100
Npu_DnaE LEDGSLIRATKDHKFMTVD-----GQMLPIDEIFE-RELD-LMRVDNLPN----------
Ssp_DnaE LEDGSVIRATSDHRFLTTD-----YQLLAIEEIFA-RQLD-LLTLENIKQTEEALDNHRL
Mini-Mtu_RecA IAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAQPRRFDGFGDSAPIPARVQALADALD
: .*::: ** **:.:* :: :.: *.:* : :
F-Block     G-Block
103    110       118
Npu_DnaE -----------MIKIATRKYLGKQ--NVYDIGVERDHNFALKNGFIASN
Ssp_DnaE PFPLLDAGTIKMVKVIGRRSLGVQ--RIFDIGLPQDHNFLLANGAIAAN
Mini-Mtu_RecA DKFLHDMLAEELRYSVIREVLPTRRARTFDLEVEELH-TLVAEGVVVHN
: *. * : . :*: : . * : :* :. *
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Similar to wild type Npu DnaE, the activity of mutant Npu* is also thio-dependent. The 
D118G mutation completely abolished the trans-splicing reaction and induced rapid C-
terminal cleavage under reducing conditions (Fig. 5.5). No spontaneous C-terminal 
cleavage was observed with C*-GFP incubated alone or with DTT at room temperature 
even after 20 hours, confirming the C-terminal cleavage activity is N dependent. Little 
free N-extein was observed when the reaction was carried out at low DTT concentration, 
and only very limited amount of free N-extein was observed in reaction at high DTT 
concentration (50 mM), suggesting that D118G mutation essentially abolished the first 
N-X acyl shift and induced C-terminal cleavage reaction independent of N-terminal 
cleavage. To further confirm that Npu* is able to undergo C-terminal cleavage in the 
absence of N-terminal cleavage, we carried out the reaction in the presence of 
trialkylphosphine (tris(2-carboxyethyl)phosphine, TCEP) that is capable of disrupting 
disulfide but not thio-ester bonds. TCEP also induced C-terminal cleavage reaction with 
no N-terminal cleavage at all (Fig. 5.5B), indicating that Npu* has uncoupled N- and C-
terminal cleavage activity. We also determined the activity of C*-GFP when mixed with 
CBD-NC1A. A similar rate of C-terminal cleavage was observed under reducing 
conditions. However, rapid C-terminal cleavage was also observed even in the absence 
of DTT, making it unsuitable for use as protein purification tag (Fig. 5.6). It is possible 
that, due to very close proximity, Cys1 and Cys+1 form disulfide bond immediately 
upon association of the two intein fragments, preventing further intein reaction and 
allowing control of the onset of C-terminal cleavage by reducing agents (235).  
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Figure 5.5 Catalytic activity of mutant C*  Reaction between CBD-N and C*-GFP. 
At 22 °C in the absence or presence of reducing agent DTT (A) or TCEP (B), 2N: 
dimer complex of CBD-N (2). It disappears in samples treated with higher 
concentration of β-mercaptoethanol and boiled for longer period. GFP and C* are 
the cleaved C-extein and C-intein, respectively. N is the cleaved N-intein. Cleaved 
N-extein CBD is not visible on the SDS-gel but can be detected on Western Blot for 
samples incubated with DTT (data not shown). “+”  denotes unidentified bands. (C) 
Time course of the disappearance of C*-GFP due to C-terminal cleavage at 
different temperatures. The error bar represents the standard deviation from 3 
independent experiments. 
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Figure 5.6 Catalytic activity of C* with NC1A. Reaction of C*-GFP (3) with CBD-
N
C1A 
(4) at 22 °C in t/he absence or presence of DTT. GFP and NpuC* are the 
cleaved C-extein and C-intein, respectively. “+” denotes unidentified bands.  
 
 
 
We next determined the C-terminal cleavage kinetics of Npu* at different 
temperatures (Fig. 5.5C and Fig. 5.7). The highest cleavage rate was obtained at 37 °C 
where ~80% cleavage was achieved in just 1 hour. To achieve the same 80% cleavage, 3 
and 4.5 hours were needed for samples incubated at room temperature (22 °C) and 16 
°C, respectively. Over 85% C-terminal cleavage was obtained at 4 °C after 20 hours. 
This cleavage rate is significantly higher than that of Ssp DnaB and SceVma1 inteins 
used currently in the IMPACT system (New England Biolab), which require about 16 
hours incubation at 23 °C to achieve a similar cleavage efficiency (IMPACT Manual) 
(45, 228).  It’s possible that a higher cleavage rate may be achieved when an excess of N 
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is present (54). Taken together, these results demonstrate the potential of Npu* as a self-
cleaving tag for protein purification.  
 
 
 
 
Figure 5.7 Reaction of C*-GFP with CBD-N was incubated in 5mM DTT at 
different temperatures. The reaction was stopped by mixing samples with SDS-
sample buffer and boiled for 5 minutes.   
 
 
 
To determine the half-life for the C-terminal cleavage reaction of C*-GFP at 
different temperatures, trend line was generated using Lab Fit software package 
(Campina Grande, Paraíba, Brazil) that best fit all the data points from Fig. 5.7. Time 
corresponding to 50% cleavage was estimated based on the fit curve.  
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Table 5.4 Estimated half-lives for C*-GFP cleavage at different temperatures 
 
Temperature Half-life 
4˚C 243 min 
16˚C 70 min 
22˚C 55 min 
37˚C 16 min 
 
 
5.4.4 Protein purification via reversible precipitation and chitin resin 
To demonstrate the utility of Npu* in protein purification, we developed two 
protein purification methods (Fig. 5.8). The first method combines the reversible 
precipitation of the elastin-like-peptide (ELP) (49, 52, 236-238)  with the controllable C-
terminal cleavage of Npu* (Fig. 5.8, Method 1). N was joined to the C-terminus of the 
elastin-like polypeptide (ELP) via a flexible linker ELP-N (construct 5), and mutant C* 
was fused to the N-terminus of various sample target proteins C*-POI (constructs 3, 6-
10). Under non-reducing conditions, N and C* non-covalently interact with each other 
without cleavage, physically associating the POI with the ELP. Addition of ammonium 
sulfate triggers phase separation of the ELP (232), resulting in the aggregation of the 
ELP and the associated POI. After removal of cellular proteins in the supernatant, this 
precipitant is then solubilized in low-salt reducing buffer, reversing the phase transition 
and inducing C-terminal cleavage of the intein. Upon cleavage, the POI is released from 
the ELP-intein complex which is selectively removed by a second round of ammonium 
sulfate precipitation and centrifugation, giving rise to POI of high purity in solution.  
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Figure 5.8 Schematic of protein purification methods developed. Method 1: 
column-free approach. Method 2: chromatography-based approach. The symbols 
represent E. coli cellular proteins present in the lysate. 
 
 
 
POIC*
+ (NH4)2SO4
Aggregation
Supernatant
Centrifuge
Resuspend
ELP: Elastin-like-peptide POI: Protein Of Interest  ChBD: Chitin binding domain
ELP N
POIC*
ELP N
Pellet
+ (NH4)2SO4
Aggregation
POIC*ELP N
SupernatantPellet
ChBD N
POIC*ChBD N
POIC*ChBD N
C
h
it
in
Affinity 
purification
POIC*ChBD N
C
h
it
in
Flow-through
Method 1 Method 2
+DTT, cleavage
 100 
 
 
Figure 5.9 Purification of PTDH, DsRed and GFP using engineered Npu* intein. 
(A) SDS-PAGE (10% acrylamide) analysis of samples collected during the 
purification of PTDH via reversible precipitation of ELP. Lane 1, pre-purified 
ELP-N (5); lane 2, soluble lysate containing C*-PTDH (6); lane 3, mixture of 
samples from lanes 1 and 2; lane 4, supernatant after the precipitation of the ELP 
complex; lane 5 and 6, mixture of ELP-N and C*-PTDH at t=0 and 3 hours of 
intein reaction at 22 °C, respectively; lanes 7, ELP precipitant after 3 hours intein 
reaction; lanes 8 and 9, supernatant containing purified PTDH after ammonium 
sulfate precipitation after 3 and 20 hours intein reaction, respectively. An 
equivalent amount of protein was loaded into each lane. Black arrow indicates the 
un-cleaved C*-PTDH. (B) Images taken over the course of DsRed purification via 
reversible precipitation of ELP. (C) SDS-PAGE (12% acrylamide) analysis of 
samples collected during the purification of GFP via chitin column. Lane 1 and 2, 
soluble lysate containing CBD-N (2) and C*-GFP (3), respectively; lane 3, sample 
taken from chitin beads after binding of CBD-N (2); lane 4, sample taken from 
chitin beads immediately after binding of C*-GFP (3); lane 5, sample after 3 hours 
of intein reaction; lane 6, sample taken from chitin beads after elution of GFP; lane 
7, elution containing purified GFP. An equivalent amount of protein was loaded 
into each lane, except for lanes 1 and 2. 
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Sample purification of a globular protein phosphite dehydrogenase (PTDH, 
construct 6) (230)  is shown in Fig. 5.9A. The yields were 49.8 and 59.3 mg of purified 
PTDH per liter of E. coli culture with intein self-cleavage reaction times of 3 and 20 
hours, respectively, at 22 °C. The purification of 5 additional proteins of various sizes 
and multimeric states (constructs 3, 7-10) are shown in Fig. 5.10. The purification 
process for DsRed (construct 7) can be conveniently monitored by visual inspection 
(Fig. 5.9B). The target protein purification yields and the percentage recovery from 
soluble lysate are summarized in Table 5.5. High purities were obtained for all the 
proteins tested. Both monomeric and multimeric proteins can be efficiently purified by 
this method. In most cases, the intein self-cleavage reaction is essentially complete in 4 
hours, keeping the time to complete the entire procedure on par with conventional 
chromatographic protein purification processes.  
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Figure 5.10 Additional sample purifications of recombinant proteins. Done using 
reversible precipitation of ELP and self-cleaving C*: Lane 1, pre-purified ELP-N; 
lane 2, soluble lysate containing C*-POI; lane 3, mixture of samples from lanes 1 
and 2; lane 4, supernatant after the precipitation of the ELP complex; lane 5 and 6, 
ELP-N and C*-POI mixture at the beginning and after 3 hours of intein reaction, 
respectively; lanes 7, ELP precipitant after 3 hours intein cleavage reaction; lanes 8 
and 9, supernatant containing purified POI after ammonium sulfate precipitation 
with 3 and 20 hours intein cleavage reaction times, respectively. An equivalent 
amount of protein was loaded into each lane. Black arrow indicates the un-cleaved 
NpuC*-POI (A) DsRed, (B) β-galactosidase (β-gal), (C) chloramphenicol acetyl 
transferase (CAT), (D) maltose binding protein (MBP), (E) green fluorescent 
protein (GFP). 
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Table 5.5 Protein purification and quantification via ELP-precipitation 
 
Protein Size Structure 
Yield 
(mg/L) 
b
 Percent recovery 
c
 Activity 
d
 
 
(kDa)  3 h
a
 20 h
a
 3 h
a
 20 h
a
 
 
PTDH 38.2 Dimer 49.8 59.3 34 42 
NBT-
methosulfate 
assay 
β-Gal 117 Tetramer 68.1 84.5 68 (55)f 76 (57)f 261 Units/mg 
CAT 27.2 Trimer 57.2 70.6 49 61 Not determined 
MBP 44.1 Monomer 53.6 57.9 26 31 
Affinity to 
Amylose 
DsRed 27.2 Tetramer 48.9 54.4 44 (45)
f
 57 (55)
f
 
Fluorescence 
590nm 
GFP 28.2 Monomer 56.2 62.2 43 (32)
f
 47 (35)
f
 
Fluorescence 
538nm 
a
 : Intein reaction time at 22 °C. 
b
 : Purification yields were determined from 25 mg of wet E. coli pellet.  
c
 : Percent recovery was estimated using densitometry analysis of SDS-PAGE. 
d
 : Protein purified with 3 hours intein reaction time is used. One β-Galactosidase unit is 
defined as the amount of protein needed to hydrolyze 1.0 μmole of ONPG per minute at 
22°C. DTT interferes with the absorbance of the products of PTDH and CAT reaction, 
preventing accurate activity measurement of these proteins. Activity of MBP was 
analyzed qualitatively only. 
f
 : Numbers in parenthesis represent percent recovery based on activity assay.  
 
 
 
Table 5.6 ELP pull-down efficiency and purification yield calculated based on 
activity assay  
Activity  β-Gal DsRed GFP 
Pull-down efficiency 
a
 93 % 93 % 41 % 
Yield (3 h)
 b
 56 % 45 % 32 % 
Yield (20 h)
 c
 59 % 48 % 37 % 
 
a
: Pull-down efficiency = (Lane 2 activity – Lane 4 activity) / Lane 2 activity x100 % 
b
: Yield (3 h) = Lane 8 activity / Lane 2 activity x100 % 
c
: Yield (20 h) = Lane 9 activity / Lane 2 activity x100 % 
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Not surprisingly, the ELP pull-down efficiency and intein cleavage kinetics are 
influenced by the target protein (Table 5.6). Since chromatography-based methods 
remain the mainstay for recombinant protein purification, we also developed a second 
affinity based purification method to further expand the utility of our engineered intein. 
In this method, the ELP is replaced with the chitin binding domain (CBD) (239) and 
purification is achieved through binding to the chitin beads (Fig. 5.8, method 2). Sample 
purification of GFP is shown in Fig. 5.9C. The yield of purified GFP was ~2mg from a 
100l chitin column. The binding capacity of chitin beads in our application appears to 
be much higher than that reported for maltose binding protein (0.2 mg/100 µL chitin 
beads, New England Biolabs website). The exact reason is unknown but may due in part 
to the much smaller size of N compared to the maltose binding protein.  
 
5.5 Discussion 
In this study, we engineered a split Npu DnaE intein that is able to undergo rapid 
C-terminal cleavage reaction without N-terminal cleavage. Although very recently four 
new split inteins were discovered with unprecedented rates of reaction (20, 21), naturally 
split Npu DnaE intein remains one of the most active inteins identified to date (Table 
5.1). However, despite the rapid reaction kinetics and high solubility of Npu DnaE, the 
dependence of C-terminal asparagine cyclization on the acyl shift at the N-terminus 
prevents the use of DnaE intein in many applications such as protein purification. The 
multi-step catalytic pathway leading to intein trans-splicing is highly coordinated, but 
the precise mechanism involved in this series of reactions remains unclear. Intein N-/C-
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terminal cleavage can result from either an increase in the rate of cleavage at that splice 
junction or a decrease in the reaction rate of another step. Previously, Wood, et al. 
identified a single mutation in mini-MtuRecA intein, D422G, that is able to abolish the 
trans-splicing activity and significantly elevate the C-terminal cleavage activity (46). 
Asp422 lies in the conserved Block F region (also termed the C2 motif) within the intein 
active site and is 75% conserved among all inteins from different species, including split 
Npu DnaE and Ssp DnaE inteins (Fig. 5.4) (103).  This Block F aspartate has previously 
been shown to be essential for both the first and second steps of intein reaction (Fig. 
5.3). The crystal structures of multiple inteins, including the Ssp DnaE, show that this 
aspartate forms hydrogen bond with the oxyanion of the N-terminal Cys1, likely 
positioning this residue for the first step N-X acyl shift (10, 24, 25). In addition, quantum 
mechanics simulations and structural studies from other inteins suggest that this 
aspartate also deprotonates the thiol group of Cys+1, enabling it to launch nucleophilic 
attack to form branched intermediate (30, 240). Mutation of this Asp422 in mini-
MtuRecA significantly retards the N-terminal cleavage reaction and the formation of 
branched intermediate (240). The NMR structure of Npu DnaE intein showed that 
Asp118 (equivalent of Asp422 in mini-MtuRecA) is within hydrogen bond distance with 
the oxyanion of the first residue (110), although the NMR structure contains an Ala at 
this position. Npu* with the corresponding aspartate changed to Gly exhibited very 
limited N-terminal cleavage even at 50 mM DTT (Fig. 5.5A), suggesting that this 
mutation likely also blocks the first step N-X acyl shift and formation of branched 
intermediate. 
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In mini-MtuRecA intein, the C- and N-terminal cleavage reactions are not 
coupled, thus retardation of the first and second steps of intein reaction can account for 
the elevated C-terminal cleavage product. However, in DnaE intein, the C- and N-
terminal cleavage reactions are highly coupled. Inhibition of the first two steps do not 
lead to elevated C-terminal cleavage product directly, as mutant DnaE inteins with C1A 
exhibited little to no C-terminal cleavage (34, 185). To understand how D118G induces 
C-terminal cleavage in Npu DnaE intein, we compared the solution structure of Npu 
DnaE with the crystal structure of its closest homolog Ssp DnaE (25). In Ssp DnaE 
intein, C-terminal asparagine cyclization is mediated by a charge relay process involving 
His147, Asn159, Arg73 and a water molecule near the C-terminal splicing junction (25) 
(Fig. 5.11A). The water molecule is within hydrogen bonding distance to the N
δ
 atoms 
of Asn159 and His147 and the backbone nitrogen of Leu143, and transfers a proton from 
Asn159 to His147 (Fig. 5.11A). The deprotonated Asn159 N
δ
 initiates nucleophilic 
attack to its carbonyl carbon atom, resulting in breakage of the C-terminal intein-extein 
bond.  
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Figure 5.11 Residues that participate in a charge relay for C-terminal cleavage. (A) 
Schematic of the first step of charge relay responsible for C-terminal asparagine 
cyclization (25). Corresponding residues in Ssp DnaE (orange) and Npu DnaE 
(black) are indicated. (B) Structural alignment of charge relay residues in Ssp 
DnaE (orange, pdb: 1zd7) and Npu DnaE (elemental colors, pdb: 2keq). Asn137 
forms H-bond with Asp117 in Npu DnaE, rendering it less suited to participation in 
the charge relay. 
 
 
 
The same mechanism is involved in the asparagine cyclization in Ssp DnaB (22) 
and mini-MtuRecA (240) which contain a water molecule in the similar position. The 
NMR structure of Npu DnaE shows that Asp118 can form a hydrogen bond with the N
δ
 
of Asn137, rendering it unfavorable for charge relay and thus inhibiting C-terminal 
cleavage (Fig. 5.11B). Formation of a branched intermediate, which was shown to 
require protonation of Asp118 by the hydrogen from the thiol group in Cys+1 in some 
studies (30, 240), may break the H-bond interaction of Asn137 with Asp118, allowing 
Asn137 to participate in charge relay leading to C-terminal cleavage. Muir and co-
workers showed that formation of a branched intermediate results in a subtle change of 
the intein structure that accelerates the C-terminal asparagine cyclization reaction (241). 
Mutation of Asp118 to the much smaller Gly eliminates the H-bond interaction and 
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enables Asn137 to freely participate in charge relay without the need of structural 
changes, leading to decoupled C-terminal cleavage. Thus, in addition to inhibiting the 
first two steps of intein reaction, D118G may also accelerate the asparagine cyclization 
in Npu*, leading to rapid C-terminal cleavage.  
The cleavage kinetics of Npu* is slightly slower than that of the wild-type intein 
trans-splicing reaction (Table 5.1). This may due to the imperfect positioning of Asn137 
in the absence of Asp118 side chain. Nevertheless, approximately 80% C-terminal 
cleavage can be achieved within 3 hours at room temperature, making this mutant intein 
valuable for tag-removal in protein purification. Using Npu* we developed one column-
free and one chromatography-based protein purification methods by replacing the N-
extein with ELP and CBD, respectively, and demonstrated rapid purification (< 4 hours) 
of various target proteins of various sizes and multimeric states to high purity and with 
high yield. However, since reducing agent is employed to trigger intein cleavage, our 
methods were not tested in the purification of proteins containing naturally occurring 
disulfide bonds. In the first method, the use of ELP eliminates the need for a costly 
column and should facilitate its use in large-scale industrial protein purification. In the 
second method, it is conceivable that other purification tags, such as his-tag, can be used 
in place of CBD to mediate affinity purification.  
For all current studies, target protein contains the tripeptide CFN at the N-
terminus after purification (Table 5.2). The AS present in constructs 6-10 corresponds to 
NheI site and was introduced to facilitate the cloning. The Cys+1 is important to render 
the intein inactive under non-reducing conditions, likely through disulfide-bond 
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formation with Cys1(235). The function of the Phe+2 and Asn+3 are unknown, but these 
residues likely do not play a significant role in Npu* C-terminal cleaving activity, as 
previously reported for the trans-splicing activity in wild-type Npu DnaE (107). Not 
surprisingly, the C-terminal cleavage efficiency depends not only on the immediate 
extein residues (242), but also on the target protein (Table 5.6). This variability may due 
to steric hindrance by different target proteins on the association of C* with N, affecting 
both the affinity between these two fragments as well as the intein catalytic efficiency. 
In summary, we engineered an Npu DnaE intein via rational design. This intein 
exhibits rapid C-terminal cleavage kinetics independent of N-terminal cleavage. We 
demonstrated the application of this engineered intein for protein purification. 
Comparing our mutant Npu DnaE intein-based purification methods to the previously 
reported purification methods mediated by artificially split DnaB intein, our methods 
eliminate the dependence of small peptide (54) and achieve a much more rapid cleavage 
rate (55). Thus, our methods should find use in many large scale protein purification 
applications. 
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CHAPTER VI                                                                                                 
CONCLUSIONS 
 
The naturally split Npu DnaE intein was successfully engineered for the 
development of two different technologies. These advances are centered on applications 
that enable and enhance the use of enzymes in industrial settings.  
First, the design, synthesis, characterization and applications of an intein-
triggered protein hydrogel were shown. The resulting hydrogel had unprecedented 
solution stability, and was the first protein-based hydrogel used as a general enzyme 
immobilization scaffold. The excellent mechanical properties obtained were due to the 
intein-mediated trans-splicing reactions that result in peptide bond formation. It was 
established that such peptide bonds allowed stable hydrogel formation independent of 
functionality.  
Since protein hydrogels can be used as artificial scaffolds in tissue engineering, 
drug delivery, and biosensors, the advances herein presented have the potential to greatly 
contribute in those applications. Most of the currently used protein hydrogels are formed 
via self-assembling interactions of different protein building blocks, but the resulting 
materials often show low physical stability. The use of inteins for hydrogel formation 
circumvents the use of reversible self-assembling peptides and results in covalent bonds 
between different cross-linkers. This approach enables the synthesis of a highly stable 
hydrogels. Incorporation of docking station peptides in the hydrogel building blocks 
enables the stable immobilization proteins in the hydrogel. 
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The results obtained during intein-mediated hydrogel formation were expanded 
for the development of a hydrogel that does not rely on intein trans-splicing reactions. 
Instead, this system is based on a protein-ligand pair engineered using site-directed 
mutagenesis. Protein interactions between the receptor and the ligand result in the 
formation of a disulfide bond. This interaction was adapted for protein hydrogel 
formation.  
The second technology is based on the engineering and successful application of 
the Npu DnaE intein for rapid and efficient tag-less protein purification. This intein was 
modified to catalyze an inducible C-terminal cleavage reaction, and its catalytic 
properties were adapted for the creation of a novel tag-less protein purification 
methodology. The intein was engineered via rational design. This intein exhibits rapid 
C-terminal cleavage kinetics independent of N-terminal cleavage. Comparing the mutant 
Npu DnaE intein-based purification methods to the previously reported purification 
methods mediated by artificially split DnaB intein, this technology eliminates the 
dependence of small peptide and achieve a much more rapid cleavage rate. 
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APPENDIX A                                                                                                                        
SPLIT INTEIN MEDIATED ULTRA-RAPID PURIFICATION OF TAGLESS 
PROTEIN (SIRP)
*
 
 
Overview 
Rapid and efficient tag removal remains a significant problem in recombinant 
protein purification. Using an engineered DnaE intein from Nostoc punctiforme, we 
developed a split intein mediated ultra-rapid purification (SIRP) method for the 
purification of tag-less recombinant protein from E. coli lysate in less than 1 hour. This 
system exhibits extraordinarily rapid thio-induced C-terminal cleavage with about 50% 
completion within 30 seconds at both 22 °C and 6 °C. This is the fastest C-terminal 
cleavage activity reported to date for inteins. Although the reaction kinetics slow down 
after the first minute, >90% cleavage completion is achieved within 30 minutes at 22 °C, 
or within 3 hours at 6 °C. The ultra-rapid cleavage kinetics are made possible by the 
positioning of the purification tag at the split junction to the C-terminus of the intein N-
fragment, thus avoiding potential steric hindrance of the critical interaction between the 
N- and C-extein. Target proteins are cleaved to >72% completion after 1 hour of intein 
reaction regardless of the identity of the N-terminal amino acid except in the cases of 
threonine (50% cleavage) and proline. The C-terminal cleavage reaction can be 
effectively inhibited by divalent Zn
2+
 under non-reducing conditions. Importantly, the 
                                                 
*
 Reprinted with permission from “Split intein mediated ultra-rapid purification of tagless protein (SIRP)” 
by Dongli Guan, Miguel Ramirez, and Zhilei Chen, 2013, Biotechnology and bioengineering, Copyright 
2010, Wiley Periodicals, Inc., doi: 10.1002/bit.24913. D. Guan conducted all experimental 
characterization. M. Ramirez contributed with material preparation and experimental design. 
146 
 
association of the intein N- and C-fragments is reversible, enabling the column-bound 
intein N-fragment bait protein to be regenerated for multiple usages and further reducing 
the cost of protein purification. SIRP technology should provide a useful tool for the 
purification of tag-less proteins and peptides. 
 
Introduction 
Affinity tags have greatly facilitated the detection and purification of 
recombinant proteins (Waugh 2005), but no simple and low-cost method exists to date 
for affinity tag removal. For many years, serine proteases such as factor Xa, 
enterokinase, and thrombin have been used in laboratories to remove affinity tags. These 
low-specificity proteases have mostly been replaced with viral proteases with more 
stringent sequence specificity such as TEV protease (Sigma) and Rhinovirus 3C protease 
(PreScission™ protease, GE Healthcare Biosciences). However, these viral proteases 
exhibit relatively low cleavage efficiency due to their low catalytic rate constants (kcat) 
(Gasparian et al. 2003; Isetti and Maurer 2007; Kapust et al. 2001). In addition, except 
for enterokinase, all these proteases also leave certain amino acids at the N-terminus of 
the target protein after cleavage (Waugh 2011). The recently discovered SUMO-protease 
exhibits both high specificity and efficiency (>90% completion within 20 minutes at 
22 °C) (Malakhov et al. 2004). However, the cost to cleave 1 g of recombinant protein 
using SUMO-protease (Life Technologies) is $673,000, prohibiting its use in most 
applications. 
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To efficiently and cost effectively remove purification tags, many inteins have 
been engineered to undergo a N- or C-terminal cleavage reaction in acidic (pH 6) or 
reducing environments (Evans et al. 1999; Lew et al. 1999; Mathys et al. 1999; 
Southworth et al. 1999). The N- and C-exteins are replaced with the protein of interest 
(POI) and a purification tag. However, most of these engineered inteins exhibit relatively 
low catalytic efficiency and require at least overnight incubation to achieve significant 
cleavage. We recently engineered a naturally split intein DnaE from Nostoc punctiforme 
(Npu DnaE) that exhibits rapid thio-induced C-terminal cleavage kinetics with 80% 
completion within 3 hours at room temperature (Ramirez et al. 2013). The use of split 
inteins in recombinant protein purification avoids premature cleavage in vivo during 
expression which, in some cases, can significantly impact target protein yields (Cui et al. 
2006; Li 2011). 
In this work, we redesigned our purification platform and greatly improved the 
C-terminal cleavage efficiency by strategically relocating the purification tag to within 
the split intein with a view to alleviating potential steric effects. We demonstrate that this 
configuration yields a tag removal step that is dramatically faster and at least as effective 
as the originally configured split intein in which the purification tag was ‘traditionally’ 
positioned at the N-terminus of the N intein. This new intein pair exhibited ultra-rapid 
thio-activated reaction kinetics with ~50% cleavage completion within 30 seconds at 22 
°C or 6 °C, and >90% C-terminal cleavage within 30 minutes at 22 °C and >90% within 
3 hours at 6 °C. The cleavage reaction can be effectively inhibited by 0.5 mM ZnCl2 
under non-reducing conditions, thus providing control over the on-sent of the cleavage 
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reaction. In addition, the C-terminal cleavage efficiency does not appear to be highly 
dependent on the identity of the first residue of C-extein, making it possible to 
completely remove the purification tag. 
Using this reconfigured intein pair, we developed a rapid affinity 
chromatography-based purification method, and purified 3 model proteins, GFP, 
phosphite dehydrogenase (PTDH) (Johannes et al. 2005) and β-galactosidase (β-
Gal)(Ramirez et al. 2013), to 80-90% purity in a single step. After 30 minutes of thio-
induced cleavage at 22 °C, ~10 mg of purified protein was obtained per mL of chitin 
resin. Chromatography resin-bound intein complex can be regenerated for multiple uses, 
further reducing the cost for large-scale protein purification. This newly designed split 
intein-mediated protein purification system combines affinity purification and tag 
removal and enables ultra-rapid purification of tag-less target protein at low cost. 
 
Material and methods 
Chemicals and bacterial strains 
     All chemicals were purchased from either VWR International (Radnor, PA) or 
Thermo Fisher Scientific (Waltham, MA), unless otherwise stated. E. coli strains DH5α 
and BL21 (DE3) (Novagen, Madison, WI) were used for plasmid cloning and protein 
expression, respectively.  
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Plasmid construction 
     A schematic depiction of the amino acid sequences of all protein constructs 
and their numberings are shown in Table A.1. The construction of C*-β-Gal, C*-PTDH 
and C*-GFP were described previously (Ramirez et al. 2013). To generate N-CBD, 
NpuN and the chitin-binding domain (CBD) were amplified from plasmid KanR-
IntRBS-NpuNC (Lockless and Muir 2009) (a generous gift from Prof. Tom Muir, 
Rockefeller University) and pTWIN1 (New England Biolabs) using primers NdeI-N-
F/L-HindIII-N-R and L-NheI-CBD-F/XhoI-CBD-R, respectively, joined via overlap 
extension PCR, and inserted into the pET-26b(+) (Novagen) between NdeI and XhoI 
sites. NC1A-CBD was generated by site-directed mutagenesis using primers NdeI-N 
C1A-F and L-HindIII-N-R. To generate the seventeen C*-X-GFP fusions, C*-X and 
GFP genes were amplified individually from the plasmid C*-GFP with the primers 
NpuC-F-NdeI/NpuC XFN-GFP-R and NpuC XFN-GFP-F/XhoI-GFP-R, respectively, 
joined by overlap extension PCR and cloned into pET-26b(+) between the NdeI and 
XhoI sites. To generate the last two C*-X-GFP (22 and 23), the GFP gene was amplified 
from plasmid C*-GFP with the primers NheI-GFP-F/XhoI-GFP-R, and cloned into C*-
PTDH between the NheI and XhoI sites; then C*-X was introduced by site-directed 
mutagenesis using primers NpuC-F-NdeI and NheI-XFN-NpuC-R. 
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Table A.1 Protein constructs used in this study 
Construct Short Name Protein sequence 
Molecular 
Weight (kDa) 
0 N-CBD NpuN-2x(GGGGS)-CBD-6xH 20.6 
1 NC1A-CBD NpuNC1A-2x(GGGGS)-CBD-6xH 20.6 
2 C*-β-Gal NpuCD118G-CFNAS-β-Gal-6xH 122.1 
3 C*-PTDH NpuCD118G-CFNAS-PTDH-6xH 42.2 
4 C*-GFP NpuCD118G-CFN-GFP-6xH 32.0 
5 C*-A-GFP NpuCD118G-AFN-GFP-6xH 32.0 
6 C*-D-GFP NpuCD118G-DFN-GFP-6xH 32.0 
7 C*-L-GFP NpuCD118G-LFN-GFP-6xH 32.0 
8 C*-P-GFP NpuCD118G-PFN-GFP-6xH 32.0 
9 C*-R-GFP NpuCD118G-RFN-GFP-6xH 32.0 
10 C*-E-GFP NpuCD118G-EFN-GFP-6xH 32.0 
11 C*-H-GFP NpuCD118G-HFN-GFP-6xH 32.0 
12 C*-I-GFP NpuCD118G-IFN-GFP-6xH 32.0 
13 C*-K-GFP NpuCD118G-KFN-GFP-6xH 32.0 
14 C*-M-GFP NpuCD118G-MFN-GFP-6xH 32.0 
15 C*-N-GFP NpuCD118G-NFN-GFP-6xH 32.0 
16 C*-Q-GFP NpuCD118G-QFN-GFP-6xH 32.0 
17 C*-S-GFP NpuCD118G-SFN-GFP-6xH 32.0 
18 C*-T-GFP NpuCD118G-TFN-GFP-6xH 32.0 
19 C*-V-GFP NpuCD118G-VFN-GFP-6xH 32.0 
20 C*-W-GFP NpuCD118G-WFN-GFP-6xH 32.0 
21 C*-Y-GFP NpuCD118G-YFN-GFP-6xH 32.0 
22 C*-F-GFP NpuCD118G-FFNAS-GFP-6xH 32.0 
23 C*-G-GFP NpuCD118G-GFNAS-GFP-6xH 32.0 
 
 
Sample purification via SIRP      
A disposable column containing 150 L chitin resin was loaded with soluble 
lysate containing NC1A-CBD in Buffer A (0.5 M NaCl, 10 mM Tris-HCl, pH 8.0) and 
washed 4 times with 10 column volumes (CV) of Buffer B (0.5 M NaCl, 50 mM NaPOi, 
pH 6.0). All loading and washing steps were performed in batch phase. The last wash 
contains 0.5 mM ZnCl2. The same concentration of ZnCl2 was added to the soluble 
lysate of C*-PTDH/GFP/β-Gal in Buffer B immediately before the lysate was loaded 
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onto the same chitin resin. The column was subsequently washed with 10 CV of Buffer 
B with ZnCl2 (0.5 mM) and finally incubated in 4 CV of Buffer a containing 50 mM 
DTT at room temperature for 30 minutes or at 6 °C for 3 hours. Purified PTDH, GFP 
and β-Gal were collected in the flow-through. Trace amount NC1A-CBD in the flow-
through can be removed by passing through a fresh chitin column. 
The concentrations of purified POIs were determined by absorbance at 280 nm 
using a NanoDrop 1000 (Thermo Fisher Scientific) for yield calculation. The purity was 
measured by analyzing SDS-PAGE gels using the Trace Quantity module in Quantity 
One software (BioRad, Hercules, CA). 
To determine the ability of high pH buffer to reverse intein association, chitin 
column containing NC1A-CBD and C*-β-Gal/PTDH/GFP was incubated in 4 CV of 
Buffer C (1.5 M NaCl, 50 mM Na2HPO4/NaOH, pH 11.4, 0.5 mM ZnCl2) for 10 minutes 
at room temperature. The flow-through containing dissociated C*-β-Gal/PTDH/GFP was 
used directly for SDS-PAGE analysis. 
     For regeneration of the NC1A-CBD-chitin affinity matrix, the used resin was 
thoroughly washed with Buffer C. The regenerated column can be stored in storage 
buffer (0.5 M NaCl, 10 mM Tris-HCl, 1 mM EDTA, 0.15% NaN3, pH 8.0) at 4 °C for 
about a week without significant loss of activity.  
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A.3.4 Ni-affinity-mediated purification of protein fragments for intein reaction kinetics 
studies 
E. coli BL21 (DE3) was transformed with the appropriate expression plasmid 
and plated on a Luria-Bertani (LB) agarose plate containing 50 μg/ml kanamycin. The 
next day, a single colony was picked and grown in 4 ml of LB broth containing the same 
antibiotic to OD600 ~0.6. The culture was transferred to 1 L LB broth and grown at 37 °C 
until OD600 ~0.6. Protein expression was induced at 18 °C for 14-15 hours by the 
addition of IPTG (1 mM). After expression, cells were harvested by centrifugation at 
8000 x g and 4 °C for 15 minutes and stored at -80 °C until use. 
For purification of construct containing N, cell pellets were resuspended in 
Buffer A  at 10 ml per gram of wet pellet, and disrupted by sonication (QSonica Misonix 
200, Amp 20, with 1 second pulse 4 seconds pause for 2 minutes total pulse). Soluble 
lysates were collected after centrifugation at 16,000 x g for 20 minutes at 4 °C, passed 
through a 0.5 mL Ni-NTA column by gravity (Qiagen, Valencia, CA), washed 
extensively with Buffer A containing 20 mM imidazole and finally eluted in Buffer A 
containing 150 mM imidazole. The same procedure was used to purify fusion proteins 
containing C except that Buffer A was replaced with buffer B. This low-pH buffer is 
intended to reduce the proteolytic degradation by cellular proteases.  
Purified proteins were concentrated via 10 kDa ultra-filtration spin columns 
(Amicon Ultra, Millipore, Billerica, MA) and concentrations were determined by 
absorbance at 280 nm using NanoDrop 1000 (Thermo Fisher Scientific).   
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Intein reaction kinetics characterization 
All characterization experiments for intein kinetics were carried out using Ni-
NTA-purified proteins under specified conditions. All reactions contained 15 µM of 
each intein fragment. Samples were taken at different time points after the initiation of 
the reaction, immediately frozen in liquid N2, boiled with 2X SDS sample buffer at 
95 °C for 10 minutes and analyzed on 12% SDS-PAGE gels, unless otherwise specified.  
The gels were stained with Coomassie brilliant blue R250. Band intensities 
corresponding to reactants and products were quantified using the Trace Quantity 
module in Quantity One software (BioRad, Hercules, CA).  
 
Results 
Design new split-intein cleavage system 
The natural function of inteins is to mediate a trans-splicing reaction that joins 
the associated N- and C-exteins via a peptide bond. Successful trans-splicing activity 
requires that the N- and C-exteins are in close proximity prior to trans-splicing. In 
conventional intein-based protein purification systems, the N- and C-exteins are replaced 
with a protein purification tag and the protein of interest (POI) (Fig. A.1) (Chong et al. 
1997; Chong et al. 1998a; Hong et al. 2008; Lu et al. 2011; Ramirez et al. 2013; Wu et 
al. 2006). Depending on the POI and the choice of purification tag/protein, steric 
hindrance between the N- and C-exteins can significantly reduce the cleavage efficiency 
and, in the case of split inteins, the association of the N- and C-intein fragments as well 
(Ramirez et al. 2013).  
154 
 
 
Figure A.1 Schematic of the engineered intein pair. (A) Comparison of the current 
intein design for tag removal vs. the conventional design. (B) Cartoon 
representation of fusion proteins before and after intein association. The intein N-
fragment (yellow) and C-fragment (brown) are adapted from the NMR structure of 
NpuDnaE (PDB code: 2keq) (Oeemig et al. 2009). 
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Since some split inteins can tolerate insertions at the split junction (Busche et al. 
2009), we hypothesized that moving the purification tag from the N-extein to the split 
intein junction may bypass any steric hindrance of critical interactions required for the 
C-terminal cleavage reaction without affecting the cleavage efficiency. Using our 
previously engineered thio-induced C-terminal cleaving NpuDnaE, we inserted a 
purification tag, a chitin binding domain (CBD) (Hashimoto et al. 2000) to the C-
terminus of the intein N-fragment (N) (Fig. A.1), leaving a single Met as the N-extein. 
The first residue of N was further mutated to Ala (NC1A) to completely abolish any N-
terminal cleavage activity (Ramirez et al. 2013). The resulting construct is named 
NC1A-CBD. The POI was attached to the C-terminus of the intein C-fragment (C*) to 
form C*-POI. C* contains a single mutation, D118G, which facilitates rapid thio-
induced C-terminal cleavage in the absence of the N-terminal cleavage (Ramirez et al. 
2013; Wood et al. 1999). 
 
NC1A-CBD enables controllable ultra-rapid C-terminal cleavage  
We generated various fusion proteins containing the engineered intein pairs as 
listed in Table A.1. To determine the C-terminal cleavage kinetics, C*-PTDH, 
containing the C-fragment of intein C* fused to the globular protein phosphite 
dehydrogenase (PTDH), was mixed with NC1A-CBD at 1:1 molar ratio in the presence of 
50 mM DTT. ~50% of PTDH was cleaved from C*-PTDH within 30 seconds at both 
22 °C and 6 °C (Fig. A.2). Since 30 seconds is the earliest time point we could measure 
accurately, it is possible that even shorter time is needed to achieve this much cleavage. 
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Although the reaction kinetics slowed down after the first minute, over 90% C-terminal 
cleavage is achieved within 30 minutes at 22 °C and within 3 hours at 6 °C (Fig. A.2).  
Unfortunately, NC1A-CBD also induced C-terminal cleavage of C*-PTDH under 
non-reducing conditions, albeit at a much slower rate than under reducing conditions 
(Fig. A3, 0 mM Zn
2+
). Over 50% C*-PTDH is cleaved within 30 minutes at both neutral 
and acidic pH even in the absence of DTT. This is likely due to the absence of Cys1 
which could potentially form a disulfide bond with Cys+1 and inhibit the intein reaction 
(Chen et al. 2012). Since many enzymatic reactions can be inhibited by divalent ions 
such as Zn
2+
 (Costello et al. 1997; Larsen and Auld 1989; Perry et al. 1997), and Zn
2+
 
was found to inhibit the first N-S acyl shift reaction of Ssp DnaE, a close homolog of 
Npu DnaE(Nichols et al. 2003), we tested the ability of Zn
2+
 to inhibit the C-terminal 
cleavage reaction of our engineered Npu DnaE construct. ZnCl2 (0.5 mM) can 
effectively inhibit the C-terminal cleavage reaction under non-reducing conditions but 
has little inhibitory effect in the presence of DTT (Fig. A.3). After 3 hours incubation at 
22 °C, there was only ~14% intein cleavage in both pH 6 and pH 8 buffer. These results 
indicate that Zn
2+
 and DTT can be used as effective switches to turn off and on, 
respectively, the C-terminal cleavage. 
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Figure A.2 Intein C-terminal cleavage kinetics characterization. (A and B) SDS-gels 
(12% acrylamide) of the reaction between NC1A-CBD (construct 1) and C*-PTDH 
(construct 3) performed at 22 or 6 °C in pH 8 buffer containing 50 mM DTT. The 
cleaved PTDH is 38.2 kDa. The cleaved C* is not visible from the gel (4.1 kDa). (C) 
Time course of the disappearance of C*-PTDH due to C-terminal cleavage at 
different temperatures. Time course for the first 5 minutes is shown in the inset. 
The values error bars represent the mean and standard deviation, respectively, 
from 3 independent experiments. 
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Figure A.3 C-terminal cleavage kinetics under different conditions. (A) An SDS-gel 
of the reaction between NC1A-CBD (construct 1) and C*-PTDH (construct 3) 
performed under different buffer conditions at 22 °C. ‘+’ denotes impurities. (B) 
Calculated percentage of C-terminal cleavage under different conditions. The 
values and error bars represent the mean and standard deviation, respectively, 
from 3 independent experiments. 
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Intein cleavage is mostly unaffected by the amino termini of the target protein  
In many applications, it is desirable to completely remove any non-native amino 
acids from the target protein. For intein trans-splicing reactions, a cysteine is required at 
the +1 position to complete the transesterification and S/O-N acyl shift reactions 
(Nichols and Evans 2004; Xu and Perler 1996; Zettler et al. 2009). However, Cys+1 is 
not needed for the asparagine cyclization reaction responsible for C-terminal cleavage. 
We constructed various C*-X-GFP fusion proteins (Table A.1, construct 5-23) in which 
the first residue (X) of the C-extein was replaced with the other 19 amino acids. Among 
all 20 amino acid substitutions, 18 of them (all except for Pro and Thr) yielded mostly 
complete C-terminal cleavage (>72% completion) after 1 hour at room temperature. 
Fifteen amino acids were able to achieve >80% cleavage completion within 30 min at 
room temperature (except for Lys, Ser, Gly, Thr, Pro) (Fig. A.4). Thus, most N-terminal 
amino acids exhibited a cleavage profile comparable to that observed with the original 
C* construct which contains a Cys at the +1 position (Fig. A.2). The cleavage of proteins 
with N-terminal Thr and Pro are 50 % and 7 %, respectively, after one hour at room 
temperature.  
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Figure A.4 Effects of +1 residue on C-terminal cleavage. SDS-gels of reactions of 
NC1A-CBD and C*-X-GFP at pH8 and 22 °C with 50 mM DTT. The cleaved GFP is 
28.0 kDa.  
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Figure A.5 Protein purification using SRIP (A) Schematic of chitin-mediated 
chromatography purification method. Lysate of C*-POI is passed through column 
prebound with NC1A-CBD in the presence of 0.5 mM ZnCl2. After washing, intein 
C-terminal cleavage reaction is induced by the addition of DTT and purified POI 
can be collected in the flow-through. The column is then regenerated by washing in 
pH 11.4 buffer to dissociate the intein complex. (B) Purification of PTDH, GFP and 
β-Gal using NC1A-CBD-chitin resin. SDS-PAGE analysis of the purification of 
PTDH, GFP and β-Gal. Lane 1, EZ-Run Protein Ladder; lane 2, soluble fractions 
of lysate containing C*-POI; lane 3, flow through of soluble lysates; lane 4, chitin 
resin after loading lysate and washing with buffer containing 0.5 mM ZnCl2; lane 5, 
elution of C*-POI in pH 11.4 buffer; lane 6, chitin resin in cleavage buffer 
incubated at 22 °C for 30 min; lane 7, chitin resin in cleavage buffer incubated at 6 
°C for 3 h; lane 8, flow-through after incubation in cleavage buffer at 22 °C for 30 
min; lane 9, flow-through after incubation at 6 °C for 3 h; lane 10, chitin resin after 
elution of target protein. 
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Protein purification via chitin resin  
To demonstrate the utility of our engineered intein pairs, we designed a protein 
purification approach based on the chitin binding domain (CBD) (Fig. A.5A), and 
purified three proteins via chitin affinity chromatography (Fig. A.5B). In most cases, the 
yield of purified protein was ~10 mg per mL of chitin resin (Table A.2). The molar ratios 
of bound C*-GFP, C*-PTDH and C*-β-Gal to NC1A-CBD, as determined from the SDS-
PAGE analysis, were 0.57, 0.28 and 0.12, respectively. The column binding capacity is 
inversely proportional to the size of the POI.  The binding capacity of tetrameric proteins 
(β-Gal) is significantly smaller than that of dimeric proteins (PTDH), which is smaller 
than monomeric proteins (GFP). The intein C-terminal cleavage efficiencies for all 
proteins when immobilized on the affinity resin are comparable to that observed in 
solution with >80% cleavage in 30 minutes at 22 °C and in 3 hours at 6 °C (Fig.  A.5B, 
lanes 6, 7). Under the conditions tested, the final purified protein contains 80-90% tag-
less POI and 10-15% NC1A-CBD that detach from the chitin beads (Table A.2). In the 
case of GFP, we were unable to detect any un-cleaved C*-GFP via densitometric 
analysis of SDS-PAGE. The un-cleaved C*-PTDH comprised ~3% of the final protein. 
Due to the very large size of β-Gal, the un-cleaved and cleaved proteins were 
indistinguishable using SDS-PAGE analysis and thus we were unable to determine the 
amount of un-cleaved -Gal. Since NC1A-CBD is the major impurity in the purified 
protein, the use of a higher affinity tag, such as 6xHistidine, may further increase the 
sample purity and reduce the amount of un-cleaved protein in the sample. The 
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association of C* and NC1A is at least partially reversible as buffer at pH 11.4 can 
selectively elute un-cleaved C*-POI from chitin-bound NC1A-CBD (Fig. A.5B, lane 5). 
 
 
Table A.2 Protein purification and quantification via chitin resin (SIRP)
a
 
Protein 
Quaternary 
structure Size  
kDa 
Yield 
(mg/ml 
chitin)
b
 
Purity  
(mass %)
c
 
un-cleaved C*-
POI (mass %) Activity 
f
 
GFP Monomer 28.0 12.9 ± 4.1 81.0 ± 3.0 ND
d
 
Fluorescence at 
538nm 
PTDH Dimer 38.2 10.4 ± 3.4 88.3 ± 1.3 3.4 ± 5.9 
NBT-
methosulfate 
assay 
β-Gal Tetramer 118.1 3.1 ± 0.5 87.8     UDe 
573.3 ± 
70.4Units/mg 
 
a
: All values and errors
 
represent the mean and standard deviations, respectively, from 3 
independent purification experiments. 
b
: Purification yields were determined from 150 µl chitin resin 
c
: Mass % were estimated using densitometry analysis of SDS-PAGE.  
d
: ND, undetected. C*-GFP was not detected. 
e
: UD, undistinguishable.  C*--Gal was not distinguishable from cleaved -Gal. 
f
: Details of each activity assay were described in (Ramirez et al. 2013). One β-
Galactosidase unit is defined as the amount of protein needed to hydrolyze 1.0 μmole of 
ONPG per minute at 22 °C. DTT was removed from purified PTDH by dialysis for 
accurate activity measurement.  
 
 
Regeneration of NC1A-CBD-chitin affinity matrix 
Although an intein is an enzyme, it can only catalyze a single round of reaction. 
For large-scale protein purification, it would be desirable to reuse chitin-bound NC1A-
CBD for multiple rounds of purification to reduce costs. We showed above that bound 
NC1A and C* complex can be partially dissociated with pH 11.4 buffer. To characterize 
the recyclability of chitin-bound NC1A-CBD, we repeated the purification of PTDH using 
the same chitin column for 4 times (Fig. A.6). After elution of cleaved PTDH and before 
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the addition of fresh lysate containing C*-PTDH, the chitin resin was thoroughly washed 
with pH 11.4 buffer to remove cleaved C* from NC1A-CBD on the column. The yields of 
purified PTDH are comparable for all 4 cycles, confirming the ability of our NC1A-CBD-
chitin affinity matrix to be regenerated for multiple cycles. It appears that cleaved C* 
may dissociate more readily from NC1A-CBD in pH 11.4 buffer than the full-length C*-
PTDH.  
 
 
Figure A.6 Chitin-bound NC1A-CBD can be regenerated after purification. SDS-
gels of samples collected during the purification of PTDH using regenerated 
column, Lane  1, chitin resin before cleavage; lane 2, chitin resin in cleavage buffer 
incubated at 22 °C for 30 min;  lane 3, flow through containing purified PTDH. The 
cleaved C* is 4 kDa and is not visible from the gel. 
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In this study, we developed a new protein purification method – split intein 
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protein purification methods that have N- and C-exteins replaced with a protein 
purification tag and a protein of interest (POI), we inserted the purification tag in the 
split intein junction (Fig. A.1). Many large inteins are bipartite elements consisting of a 
protein splicing domain interrupted by an endonuclease domain (Derbyshire et al. 1997). 
Since the endonuclease activity is not required for protein splicing, mini-inteins lacking 
the endonuclease domain have been generated. Previously, the endonuclease domain of 
RecA intein was replaced with a CBD, and the resulting chimeric protein was inserted 
into a target protein upstream of a cysteine so that the target protein can be purified via 
chitin resin followed by an intein-mediated trans-splicing reaction (Wu et al. 2002). 
However, due to the uncontrollable intein side reaction, an additional size exclusion 
chromatography step was needed to separate the cleave product from the trans-spliced 
product. In this work, we demonstrate that our strategic positioning of the purification 
tag in the intein split junction likely minimizes steric hindrance between the purification 
tag and POI and greatly improves the intein reaction kinetics. Remarkably, C-terminal 
cleavage is approximately 50% complete within 30 seconds at both 22 °C and 6 °C (Fig. 
A.2).  In comparison, the fastest reported C-terminal-cleaving intein, gp41-1C1A, has a 
t1/2  of 5 minutes at 37 °C (Carvajal-Vallejos et al. 2012). Much slower cleavage kinetics 
were observed when the N-extein of the same intein was replaced with a purification tag 
(Ramirez et al. 2013). It is presently unclear whether the two-pronged strategy of 
introducing a mutation into the C-intein equivalent to the D118G in C* and moving the 
N-extein from the N-terminus to the C-terminus of the N-intein can be used to engineer a 
faster C-terminal cleaving gp41-1.  
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Although the initial ultra-rapid C-terminal cleavage kinetics of our engineered 
intein slowed down after the first minute, over 90% C-terminal cleavage was achieved 
within 30 minutes at 22 °C and within 3 h at 6 °C (Fig. A.2C). To achieve a similar 
extent of C-terminal cleavage, it takes about 16 h at 23 °C and 16-40 h at 4 °C for the 
IMPACT system (New England Biolabs) employing the SceVMA1 or SspDnaB intein 
(Table A.1) (Chong et al. 1998a; Chong et al. 1998b).  
For many applications it is desirable to completely remove the purification tag 
from the target protein after purification. Our engineered intein exhibits fast C-terminal 
cleavage to  >72% completion after 1 hour at 22 °C when the first residue of the target 
protein is any of the natural amino acids except Pro and Thr. Among these, POI with 15 
different N-terminal amino acids (all except for Lys, Ser, Gly, Thr and Pro) were cleaved 
to >80% completion after 30 minutes at 22 °C (Fig. A.4). The cleavage efficiency of 
protein with N-terminal Thr is ~50% completion after 1 hour at 22 °C. This result 
indicates that the cleavage reaction is tolerant to the presence of most amino acids at the 
+1 position. In comparison, the commercially available IMPACT system employing 
SceVMA1 intein requires 16 hour at 23 °C to achieve a similar level of C-terminal 
cleavage (IMPACT-CN system manual; (Xu et al. 2000)). Little to no cleavage was 
observed when the first amino acid is Pro. This result is likely due to proline-induced 
structural alteration of the protein backbone.  
In some cases the intein cleavage rate is affected not only by the first residue, but 
the entire C-extein structure, likely due to steric hindrance between the C- and N-exteins 
(Ramirez et al. 2013). We did not observe any noticeable difference in C-terminal 
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cleavage between the two target proteins in this study, GFP and PTDH, representing 
monomeric and dimeric proteins, respectively. More target proteins with diverse 
structures (i.e. globular vs. extended, dimer, tetramer, etc.) need to be investigated to 
determine the effect of protein structure on C-terminal cleavage efficiency. 
Although all target proteins exhibit similar C-terminal cleavage efficiency, their 
ability to bind to NC1A-CBD-functionalized chitin resin decreases with the increase of 
protein size. Interestingly, the binding capacity of monomeric C*-GFP is double that of 
dimeric C*-PTDH, which in turn is double that of tetrameric C*--Gal. The difference 
in binding capacity is likely due to steric hindrance as larger molecules occupy more 
surface area on the chitin resin. This steric effect may account for the reduced yield of 
purified β-Gal (3.1 mg/ml resin) compared to PTDH (10.4 mg/mL resin) and GFP (12.9 
mg/mL resin). 
Reaction between NC1A-CBD and C*-POI is thio-activated but not thio-
dependent. Significant C-terminal cleavage (>50% after 30 minutes at       is o ser ed 
under non-reducing conditions (Fig. A.3, 0 mM ZnCl2). However, this reaction can be 
effectively inhibited by ZnCl2 (0.5 mM) with only ~14% C-terminal cleavage after 3 
hours at 22 °C. The extent of inhibition varies slightly depending on the first residue of 
the C-extein but in all cases less than 20% and 25% C-terminal cleavage was observed 
after 1 and 3 hours, respectively, at 22 °C. Higher Zn
2+
 concentration can more 
efficiently inhibit the C-terminal cleavage reaction and may help with preventing loss of 
product during extended washing steps. However, Zn
2+
 ions at ≥ 1 mM can cause 
precipitation of some cellular proteins and thus should not be used directly in the cell 
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lysate. According to the crystal structure of SspDnaE, Zn
2+
 is coordinated by Asp140, 
His48 (equivalent to Asp118, His48 in NpuDnaE) and Cys+1(Sun et al. 2005). However, 
Asp118 is mutated to Gly in C* to confer C-terminal cleavage activity in the absence of 
N-terminal cleavage (Ramirez et al. 2013), and this protein as well as proteins lacking 
Cys+1 (Construct 5-23) also potently inhibited by Zn
2+
. In addition, we tested the ability 
of cisplatin, an inhibitor of the RecA intein presumably through targeting the Cys1 
(Zhang et al. 2011), can also inhibit C-terminal of our intein at low micromolar 
concentration. It is worth noting that our engineered intein has Cys1 mutated to Ala to 
abolish the first thio-ester transfer step. Thus, we believe that there may be another 
site(s) on NpuDnaE for Zn
2+
 binding. Other divalent metals such as Cu
2+
, Ca
2+
, Mg
2+
, 
Mn
2+
 and Fe
2+
 also inhibit the intein C-terminal cleavage under non-reducing conditions 
with varying efficiencies.  
The use of DTT as a cleavage inducer for protein elution may not be desirable for 
proteins that rely on surface-exposed disulfide bonds for their tertiary and quaternary 
structure. In these cases, EDTA can be used as an inducer of C-terminal cleavage since it 
strongly chelates the Zn
2+
 ions that suppress basal cleavage, and release of the POI in 
SIRP (Fig. A.3). The cleavage kinetics induced by EDTA are slightly slower than that 
induced by DTT, but in most cases 5 mM EDTA induces nearly 100% cleavage after 1 h 
incubation at room temperature.  
The high affinity between C* and NC1A appears to be largely dictated by 
electrostatic interactions and can be significantly reduced by exposure to pH 11.4 buffer. 
This property enables regeneration of chitin-bound NC1A-CBD for multiple rounds of 
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target protein purification. However, due to the relatively weak binding affinity of CBD, 
some NC1A-CBD dissociates from the column during washing. In this study, we used 
CBD as the purification tag due to the low cost of chitin resin and CBD-binding 
amorphous cellulosic matrices (Hong et al. 2008). Higher affinity tags such as a poly 
histidine tag can potentially be used in place of a CBD to achieve more specific and 
higher affinity binding between the intein and the resin. For example, the interaction 
between the His-tag and nickel resin may yield a higher purification yield and 
regeneration efficiency. 
In conclusion, we developed an ultra-rapid method for the purification of tag-less 
proteins – SIRP – that allows the use of an engineered split intein to purify tag-less 
proteins in less than 1 hour. This technology provides a powerful new tool for the 
purification of tag-less proteins in bench-scale applications. All proteins used for human 
therapy need to be rendered tag-less due to the potential for immunogenic responses. 
Thus currently most therapeutic proteins are purified via multiple time-consuming and 
expensive chromatography steps. SIRP provides a rapid, convenient and low-cost 
affinity-based method for the purification of tag-less proteins. Thus, application of SIRP 
can potentially significantly lower the purification cost for therapeutic proteins and other 
tag-less proteins. Furthermore, the low cost of chitin beads and the possibility of using 
even lower cost CBD-binding amorphous cellulosic matrices (Hong et al. 2008) as 
affinity supports for CBD makes the application of this intein-mediated approach as an 
affinity-based step for large-scale packed bed continuous protein purification an 
attractive prospect.  
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